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An e x p e r i m e n t t o search f o r t a c h y o n s , a s s o c i a t e d w i t h 
e x t e n s i v e a i r showers, u s i n g an u n s h i e l d e d p l a s t i c s c i n t i l l a t o r 
i s d e s c r i b e d . No evidence f o r t h e i r e x i s t e n c e has been found. 
A r e v i e w o f t a c h y o n t h e o r y and p r e v i o u s searches i s g i v e n . 
The d e s i g n and i m p l e m e n t a t i o n o f an a u t o m a t i c data 
c o l l e c t i o n system f o r t h e Durham A i r Shower A r r a y , u s i n g a PET 
microcomputer, i s d e s c r i b e d . I n a d d i t i o n v a r i o u s improvements 
t o t h e a r r a y are d e s c r i b e d . The performance o f t h e a r r a y and t h e 
methods o f data a n a l y s i s are d i s c u s s e d . 
The a r r a y has been o p e r a t e d w i t h f i v e d e t e c t o r s and t h e 
r e s u l t s compared t o those expected by s i m u l a t i o n . The power o f 
t h e z e n i t h angle d i s t r i b u t i o n has been d e t e r m i n e d and found t o 
c o r r e s p o n d t o p r e v i o u s d e t e r m i n a t i o n s . The s i z e spectrum has 
4 6 
a l s o been d e t e r m i n e d i n t h e range 2.10 t o 10 e l e c t r o n s . 
A l t h o u g h t h e s l o p e s are i n agreement w i t h o t h e r measurements 
t h e a b s o l u t e r a t e i s low. I t i s concluded t h a t t h i s i s m a i n l y due 
t o t h e l a c k o f redundancy i n t h e a r r a y and t h a t more d e t e c t o r s 
are r e q u i r e d . 
PREFACE 
Th i s t h e s i s d e s c r i b e s t h e work p e r f o r m e d by t h e a u t h o r 
a t Durham U n i v e r s i t y , w h i l e under t h e s u p e r v i s i o n o f Dr. F. Ashton 
d u r i n g t h e p e r i o d 1978 t o 1982. 
D u r i n g t h i s t i m e , t h e a u t h o r has c a r r i e d o u t an e x p e r i m e n t 
t o s e a r c h f o r t a c h y o n s . A l s o he has been r e s p o n s i b l e f o r t h e 
d e s i g n and i m p l e m e n t a t i o n o f an a u t o m a t i c d a t a c o l l e c t i o n system 
as w e l l as o t h e r improvements t o t h e Durham A i r Shower A r r a y . The 
a r r a y was r u n f o r a s h o r t t i m e and v a r i o u s a i r shower parameters 
4 6 
were measured f o r showers o f s i z e 2.10 t o 10 e l e c t r o n s . 
The r e s u l t s o f t h e t a c h y o n e x p e r i m e n t have been p r e v i o u s l y 
r e p o r t e d by A b d u l l a h e t a l (1979) i n t h e Proceedings o f t h e XVTth 
I n t e r n a t i o n a l Conference on Cosmic Rays (Kyoto 1979). 
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1. 1 DISCOVERY 
I t was t h e d i s c o v e r y o f an unknown, h i g h l y i o n i s i n g a g ency 
b y E l s t e r and G e i t e l (1900) and W i l s o n ( 1 9 0 1 ) , d u r i n g e x p e r i m e n t s 
c o n c e r n i n g t h e c o n d u c t i o n o f e l e c t r i c i t y i n t h e a t m o s p h e r e , w h i c h 
s t a r t e d i n v e s t i g a t i o n i n t o w h a t have become known as Cosmic Rays. 
T h e i r e x p e r i m e n t s w i t h s h i e l d e d e l e c t r o s c o p e s l e d t o t h e c o n c l u s i o n 
t h a t t h e r e m u s t be some e x t e r n a l i o n i s i n g a g e n c y o f g r e a t p e n e -
t r a b i l i t y . Though W i l s o n s p e c u l a t e d on an e x t r a t e r r e s t i a l s o u r c e , 
t h e l a c k o f e v i d e n c e f o r a r e d u c t i o n o f t h e e f f e c t , e v e n u n d e r 
' many f e e t o f r o c k ' l e d h i m t o a g r e e w i t h G e i t e l t h a t i t seemed 
t o be a p r o p e r t y o f t h e a i r i t s e l f . However, no m a t t e r w h a t p r e -
c a u t i o n s w e r e t a k e n t o i s o l a t e thes-e-, some r e s i d u a l i o n i s a t i o n 
was shown t o be p r e s e n t . I f ^ - r a y s f r o m t h e e a r t h w e r e i n d e e d t o 
b l a m e , t h e n i n v e s t i g a t i o n o f t h e c hange o f i o n i s a t i o n w i t h h e i g h t 
w o u l d c o n f i r m i t . So Hess ( 1 9 1 1 , 1 9 1 2 ) made b a l l o o n a s c e n t s t o 5km. 
U p t o a b o u t 1km a s l i g h t d e c r e a s e was n o t e d , b u t above t h i s , t h e 
i o n i s a t i o n i n c r e a s e d r a p i d l y . From t h e s e e x p e r i m e n t s t h e e x t r a -
t e r r e s t i a l o r i g i n f o r t h e i o n i s i n g a g e n c y was e v i d e n t . H e s s 1 s w o r k 
was c o n f i r m e d b y K o l h o r s t e r (1913) who e x t e n d e d t h e d a t a t o 9km. 
F u r t h e r c o n f i r m a t i o n came f r o m M i l l i k a n and Cameron (1926) 
who m e a s u r e d t h e a b s o r p t i o n o f t h e r a d i a t i o n i n w a t e r and f o u n d 
i t t o be s i m i l a r t o t h a t i n an e g u i v a l e n t mass o f a i r . T h i s 
i n d i c a t e d a r a d i a t i o n w h i c h i s a b s o r b e d b y a i r on i t s downward 
p a t h w i t h no l o c a l g e n e r a t i o n . I t was M i l l i k a n who f i r s t c a l l e d 
t h e r a d i a t i o n Cosmic R a d i a t i o n . 
- 2 -
1.2 NATURE OF THE COSMIC RADIATION 
Once t h e e x i s t e n c e o f t h e cosmic r a d i a t i o n had been con-
f i r m e d , t h e n e x t q u e s t i o n was i t s n a t u r e . F u r t h e r work i n t h i s 
f i e l d had t o a w a i t t h e development o f two new i n s t r u m e n t s . 
S k o b e l t z y n (1927), w h i l e u s i n g a c l o u d chamber between t h e p o l e s 
o f a magnet t o observe - r a d i a t i o n , n o t i c e d o t h e r t r a c k s w h i c h 
were h a r d l y d e f l e c t e d by t h e magnetic f i e l d . He a t t r i b u t e d t hese 
t o Compton r e c o i l e l e c t r o n s , secondary t o t h e supposed p r i m a r y 
X " - r a d i a t i o n . A t t h e same t i m e , Bothe and K o l h o r s t e r (1928, 1929) 
were d e v e l o p i n g a t e c h n i q u e u s i n g G e i g e r - M u l l e r c o u n t e r s . Using 
a c o u n t e r , s i n g l e charged p a r t i c l e s c o u l d be d e t e c t e d , b u t back-
ground r a d i a t i o n remained a problem. However, i f two o r more 
c o u n t e r s , p l a c e d i n a s t r a i g h t l i n e , f i r e d s i m u l t a n e o u s l y , t h e n 
i t i n d i c a t e d t h a t a p a r t i c l e o f h i g h p e n e t r a t i n g power had passed 
t h r o u g h a l l o f them. T h i s ' c o i n c i d e n c e ' method a t t a i n e d g r e a t 
i m p o r t a n c e i n f u r t h e r i n v e s t i g a t i o n s . I t was concluded t h a t t h e 
r a d i a t i o n c o n s i s t e d o f charged p a r t i c l e s o f v e r y h i g h energy, i e . 
9 
g r e a t e r t h a n 10 eV. 
Cla y (1927) s e t o u t t o observe t h e v a r i a t i o n o f i n t e n s i t y 
o f cosmic r a y s w i t h l a t i t u d e , on a voyage from Amsterdam t o Java. 
F u r t h e r measurements i n 1932 enabled him t o c o n f i r m t h a t t h e 
i n t e n s i t y v a r i e d w i t h t h e geomagnetic f i e l d s t r e n g t h and conclude 
t h a t p r i m a r y cosmic r a y s were indeed charged p a r t i c l e s . 
The t h e o r e t i c a l e x p l a n a t i o n o f t h i s l a t i t u d e e f f e c t was 
c a r r i e d o u t by L e m a i t r e and V a l l a r t a (1933) u s i n g t h e c a l c u l a t i o n s 
o f St0mer (19 3 0 ) , w h i c h he had used t o , u n s u c c e s s f u l l y , d e s c r i b e 
t h e a u r o r a . Using t h i s t h e o r y , t h e measurement o f i n t e n s i t y 
c o u l d be used t o de t e r m i n e t h e r a t i o o f momentum t o charge o f 
th e p a r t i c l e s . A n o t her outcome o f t h e t h e o r y was t h a t i t p r e d i c t e d 
an excess o f r a d i a t i o n from t h e west, i f t h e p a r t i c l e s were m o s t l y 
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p o s i t i v e l y charged and v i c e - v e r s a i f t h e y were m o s t l y n e g a t i v e 
charged. Johnson (1935) concluded t h a t t h e m a j o r i t y o f p r i m a r y 
cosmic r a y s were p o s i t i v e l y charged due t o t h e s t r o n g e r i n t e n s i t y 
from t h e west and suggested t h a t t h e y were p r o t o n s . T h i s e f f e c t 
i s known as 'East-West' asymmetry. T h i s was unexpected because 
most o f t h e r e c o g n i s a b l e p a r t i c l e s , observed i n c l o u d chambers, 
had been e l e c t r o n s . 
Other e x p e r i m e n t e r s s e t about i n v e s t i g a t i n g t h e i n t e r -
a c t i o n s o f cosmic r a y s w i t h m a t t e r i n t h e hope o f shedding l i g h t 
on t h e i r n a t u r e . Rossi (193 5) observed t h e c o u n t i n g r a t e o f t h r e e 
a l i g n e d G e i g e r - M u l l e r c o u n t e r s i n c o i n c i d e n c e , w i t h absorbers 
b e i n g p l a c e d between them. An i n c r e a s e i n a b s o r b e r t h i c k n e s s a t 
f i r s t l e d t o a r a p i d decrease i n count r a t e b u t t h i s became slow-
e r a t g r e a t e r t h i c k n e s s . T h i s was i n t e r p r e t e d as b e i n g due t o 
t h e r a d i a t i o n c o n s i s t i n g o f two components, ' s o f t ' and 'hard'. 
The f o r m e r i s r a p i d l y absorbed w h i l e t h e l a t t e r i s absorbed 
g r a d u a l l y . Rossi a l s o d i s c o v e r e d t h e phenonemon o f groups o r 
'showers' o f p a r t i c l e s when a t r i a n g u l a r arrangement o f c o u n t e r s , 
under a l e a d absorber, t r i g g e r e d s i m u l t a n e o u s l y . 
T h i s was a l s o observed by B l a c k e t t and O c c h i a l i n i (1933) 
u s i n g a c o u n t e r c o n t r o l l e d c l o u d chamber. They co n c l u d e d t h a t 
t h e p o s i t i v e p a r t i c l e s were n o t p r o t o n s due t o t h e i r low s p e c i f i c 
i o n i s a t i o n and l o n g range and i t was d e t e r m i n e d t h a t t h e i r mass 
must be n e a r e r t o t h a t o f an e l e c t r o n . However t h e development 
o f a more e x a c t t h e o r y o f t h e i n t e r a c t i o n s o f charged p a r t i c l e s 
w i t h m a t t e r , by Bethe and H e i t l e r (1934), i n d i c a t e d t h a t r a d i a t i o n 
l o s s e s were much more i m p o r t a n t t h a n t h o s e due t o i o n i s a t i o n . T h i s 
meant t h a t t h e observed p a r t i c l e s , t o t r a v e l t h r o u g h l a r g e 
amounts o f a b s o r b e r as t h e y a r e seen t o do, c o u l d n o t be e l e c t r o n s . 
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I t had been n o t e d by Auger e t a l (1939) and o t h e r s t h a t 
showers a l s o occured i n t h e absence o f a b s o r b e r s and t h i s was 
t a k e n t o mean t h a t showers c o u l d be i n i t i a t e d i n t h e atmosphere. 
Bethe and H e i t l e r ' s t h e o r y enabled a model o f t h i s shower process 
t o be developed. E i t h e r an e l e c t r o n undergoes b r e m s s t r a h l u n g t o 
produce a photon o r a photon undergoes p a i r p r o d u c t i o n and 
produces an e l e c t r o n - p o s i t r o n p a i r . These p r o d u c t s t h e n undergo 
s i m i l a r i n t e r a c t i o n s . The r e s u l t i n g cascade t h e n b u i l d s up u n t i l 
each p a r t i c l e ' s energy i s t o o low t o a l l o w f u r t h e r i n t e r a c t i o n 
e xcept by Compton s c a t t e r i n g , p h o t o - e l e c t r i c a b s o r p t i o n and 
i o n i s a t i o n . 
I n o r d e r t o i d e n t i f y t h e unknown, h i g h l y p e n e t r a t i n g , 
p a r t i c l e s v a r i o u s r e s e a r c h e r s i n v e s t i g a t e d t h e energy l o s s o f 
cosmic r a y p a r t i c l e s i n l e a d and i r o n p l a t e s , as observed i n a 
c l o u d chamber. S t r e e t and Stevenson (1937) observed t r a c k s 
which stopped i n t h e chamber and d e t e r m i n e d t h e mass o f t h e 
p a r t i c l e s t o be about 130 t i m e s t h a t o f an e l e c t r o n . T h i s was 
l a t e r r e f i n e d t o be about 2 00 t i m e s . T h i s p a r t i c l e i s now known 
as t h e muon. 
I n d e p e n d e n t l y o f t h i s , Yukawa (193 5) had suggested t h e 
e x i s t e n c e o f a meson as t h e i n t e r m e d i a r y o f t h e s t r o n g n u c l e a r 
i n t e r a c t i o n , and t h e s i m i l a r i t y was e v e n t u a l l y t a k e n up. However, 
d i f f i c u l t i e s arose as t h e muon d i d n o t undergo s t r o n g i n t e r a c t i o n 
and a l s o had a d i f f e r e n t l i f e t i m e . 
I t was n o t u n t i l 1947 t h a t , u s i n g t h e r e c e n t development 
o f n u c l e a r e m u l s i o n s , L a t t e s e t a l observed one meson d e c a y i n g 
i n t o a n o t h e r . The s t r o n g l y i n t e r a c t i n g mesons were c a l l e d p i -
mesons o r p i o n s and i t was shown t h a t t h e s e decayed i n t o muons 
w i t h t h e a s s o c i a t e d p r o d u c t i o n o f n e u t r i n o s . 
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F i n a l l y , t o complete t h e b a s i c p i c t u r e o f t h e cosmic r a y 
processes i n t h e atmosphere, was th e d i s c o v e r y , i n a c c e l e r a t o r s 
and cosmic r a y s , o f th e n e u t r a l p i o n w h i c h decays i n t o two 
photons. T h i s i s t h e l i n k whereby p r i m a r y p r o t o n s can i n i t i a t e 
t h e e l e c t r o n - p h o t o n cascade mentioned above. I n a d d i t i o n t h e 
h a r d component o f muons i s produced from charged p i o n s which are 
a l s o produced when p r o t o n s i n t e r a c t w i t h n u c l e i i n t h e atmosphere. 
T h i s process i s f u l l y d e s c r i b e d i n Chapter 8. 
1.3 COMPOSITION AND ENERGY SPECTRUM OF THE PRIMARY RADIATION 
The p r i m a r y r a d i a t i o n has been d i s c o v e r e d t o c o n s i s t o f 
t h r e e components, n u c l e a r ( i e n u c l e i ) , e l e c t r o n i c ( i e e l e c t r o n s 
and p o s i t r o n s ) and e l e c t r o m a g n e t i c ( i e X-rays and iis'-rays) . I t 
i s t h e n u c l e a r component which i s o f g r e a t e r i n t e r e s t i n t h e 
s t u d y o f e x t e n s i v e a i r showers (EAS). 
W i t h t h e advent o f s a t e l l i t e s , d i r e c t measurements o f 
t h e p r i m a r y energy spectrum and c o m p o s i t i o n can be made and 
have c o n f i r m e d t h e r e s u l t s from p r e v i o u s b a l l o o n f l i g h t s a t 
v e r y h i g h a l t i t u d e s (~5gcm ) . The p r i n c i p a l d e t e c t o r s used i n 
thes e e x p e r i m e n t s a re n u c l e a r emulsions, s c i n t i l l a t i o n c o u n t e r s 
and p l a s t i c d e t e c t o r s (which can be etched t o r e v e a l t h e p a r t i c l e 
t r a c k s ) . However t h e s i z e o f the s e d e t e c t o r s i s l i m i t e d , as i s 
t h e i r exposure t i m e . T h i s means t h a t f o r e n e r g i e s g r e a t e r t h a n 
13 
about 10 eV t h e f l u x i s t o o low t o p r o v i d e r e l i a b l e d a t a . 
Study o f EAS has a l l o w e d t h e energy spectrum t o be extended t o 
20 
about 10 eV b u t t h e y cannot shed much l i g h t on t h e c o m p o s i t i o n 
because o f t h e l a c k o f knowledge o f p a r t i c l e i n t e r a c t i o n s a t 
such h i g h e n e r g i e s . The b a s i c form o f t h e energy spectrum f o r 
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Table 1.1 shows t h e c o m p o s i t i o n o f t h e p r i m a r y r a d i a t i o n 
f o r v a r i o u s e n e r g i e s ( a f t e r J u l i u s s o n (1975)) n o r m a l i s e d t o a 
p e r c e n t a g e o f t h e t o t a l . A number o f i n t e r e s t i n g p o i n t s are 
r a i s e d by these r e s u l t s . F i r s t l y , when compared t o t h e u n i -
v e r s a l abundance o f elements, t h e p r i m a r y cosmic r a y s have an 
excess o f L i , Be and B n u c l e i . I t i s b e l i e v e d t h a t t h i s i s due 
t o t h e f r a g m e n t a t i o n o f h e a v i e r n u c l e i as t h e y pass t h r o u g h t h e 
s m a l l amount o f m a t t e r between t h e i r source and t h e E a r t h . On 
t h i s b a s i s , t h e amount o f t h i s m a t t e r has been e s t i m a t e d as 
_2 
about 4 t o 5 gem o f hydrogen and hence t h e average t r a v e l l i n g 
t i m e o f t h e cosmic r a y n u c l e i i s around t h r e e m i l l i o n y e a r s 
w h i c h i s s i g n i f i c a n t l y s m a l l e r t h a n t h e age o f t h e U n i v e r s e . 
Secondly t h e r e i s a p a u c i t y o f hydrogen, h e l i u m and p o s s i b l y 
oxygen and a n o t i c a b l e enhancement o f i r o n (and elements j u s t 
l i g h t e r ) when compared w i t h t h e u n i v e r s a l abundance. However 
t h i s appears n o t t o be due t o p r e f e r e n t i a l a c c e l e r a t i o n f o r 
h i g h l y charged n u c l e i s i n c e n u c l e i o f charge g r e a t e r t h a n i r o n 
a re thousands o f t i m e s l e s s abundant. I n s t e a d , i t i s suggested 
t h a t i t i s a p r o p e r t y o f t h e source i t s e l f w h i c h i n d i c a t e s 
h i g h l y e v o l v e d s t a r s . Whether c o m p o s i t i o n changes i n t h e r e g i o n 
13 
above 10 eV i s v e r y much an open q u e s t i o n and l o n g e r exposures 
o f d e t e c t o r s on s a t e l l i t e s are r e q u i r e d . 
The o v e r a l l p r i m a r y energy can be c h a r a c t e r i s e d o v e r a 
wide range o f e n e r g i e s by a power law o f t h e form 
I ( > E ) = KE~* 
where K i s a c o n s t a n t , E i s t h e p r i m a r y energy, I i s t h e i n t e n s i t y 
and 5" i s t h e s l o p e o f t h e spectrum. F i g u r e 1.2, g i v i n g r e c e n t l y 
r e p o r t e d s p e c t r a ( H i l l a s 1981) superimposed on t h e r e v i e w o f 
Hi l i a s (1975), shows t h e p r e s e n t l y accepted form o f t h e i n t e g r a l 
TABLE 1. 1 Composi 
( a f t e r • 
t i o n o f Cosmic Rays a t High E n e r g i e s 
J u l i u s s e n 1975) 
ATOMIC ELEMENTS 
KINETIC ENERGY PER NUCLEUS (eV) 
NUMBER 
(z) i o 1 0 i o 1 1 10 1" i o 1 3 
1 Hydrogen 58±5 47±4 42±_6 2 4±£> 
2 Helium 28±3 2 5 + 3 2 0±_3 15+5 
3-5 L i g h t N u c l e i 1.2±0.1 1.1±0.1 0.6+0.2 
6-8 Medium N u c l e i 7 . 1±0 . 4 12.2+0.8 14±2 
10-14 Heavy N u c l e i 2.8+0.2 6.7+0.5 10+1 
16-24 Very Heavy 
N u c l e i 
1.2+-0.2 3 . 6+_0 . 4 4+1 
26-28 I r o n Group 
N u c l e i 
1.2±0.2 4.5±0.5 10±2 2 4+-7 
30 WH N u c l e i 0.007+0.004 
i 
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energy spectrum. Between 10 eV and 10 eV t h e s l o p e i s g i v e n by 
b u t around 3.10 1 5eV t h i s changes t o &^2.0. Th i s 'knee' 
has been a t t r i b u t e d t o a number o f phenonema. One s u g g e s t i o n i s 
t h a t t h i s i s due t o t h e i n a b i l i t y o f t h e g a l a c t i c magnetic f i e l d s 
t o c o n t a i n v a r i o u s t y p e s o f p a r t i c l e s as t h e i r c o n t a i n m e n t r i g i d -
i t i e s are exceeded. However t h e r e i s evidence t h a t t h e p r o t o n 
spectrum steepens a t h i g h e r r i g i d i t i e s t h a n f o r heavy n u c l e i 
( H i l l a s 1979) so c a s t i n g doubt on t h i s e x p l a n a t i o n . K a r a k u l a e t a l 
(1974) have suggested t h a t t h e r e i s a c o n t r i b u t i o n from p u l s a r s 
i n t h i s r e g i o n o f t h e spectrum. Another e x p l a n a t i o n has been p u t 
f o r w a r d by H i l l a s ( i b i d ) who suggests t h a t t h e s t e e p e n i n g may 
a r i s e n e a r e r t h e source and be a r e s u l t o f p h o t o d i s i n t i g r a t i o n . 
Other w o r k e r s are s c e p t i c a l about t h e e x i s t e n c e o f t h i s 'knee'. 
A d e t a i l e d d e t e r m i n a t i o n o f t h e c o m p o s i t i o n i n t h i s r e g i o n would 
enable c l a r i f i c a t i o n o f t h i s problem. 
I t has been suggested by G r e i s e n (1966) and o t h e r s t h a t 
20 
t h e r e s h o u l d be a c u t - o f f an t h e spectrum a t around 10 eV. T h i s 
i s due t o a t t e n u a t i o n , by p a i r p r o d u c t i o n , o f t h e p r o t o n f l u x by 
t h e 2.7K b l a c k body r e l i c t r a d i a t i o n . No evidence f o r t h i s has 
20 
been seen up t o t h e h i g h e s t e n e r g i e s observed, i e around 3.10 eV 
( H i l l a s 1975). However r e c e n t r e s u l t s f rom Haverah Park (Bower 
e t a l 1981) have i n d i c a t e d a d i p i n t h e f l u x a t around l O ^ e V 
w h i c h would c o r r e s p o n d t o t h e onset o f p a i r p r o d u c t i o n l o s s e s , 
though an a l t e r n a t i v e e x p l a n a t i o n would be t h e r a p i d escape o f 
p a r t i c l e s f rom t h e g a l a x y . One main problem, i n e x p l a i n i n g t h e 
l a c k o f a c u t - o f f , i s t h a t t h e spectrum a t these h i g h e n e r g i e s 
may w e l l be d i r e c t i o n a l s i n c e magnetic d e f l e c t i o n s , a t t h e s e 
e n e r g i e s , s h o u l d be g r e a t l y reduced. 
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1.4 ORIGIN OF THE PRIMARY RADIATION 
The q u e s t i o n s o f t h e source o f cosmic r a y s and t h e methods 
by which t h e y are a c c e l e r a t e d t o such h i g h e n e r g i e s are s t i l l v e r y 
much open. The main problems t h a t have t o be addressed are as 
f o l l o w s : 
( i ) What are t h e charge s p e c t r a and energy a t source. 
( i i ) What i s t h e p o s s i b i l i t y o f a c c e l e r a t i o n o u t s i d e t h e source. 
( i i i ) I s t h e r e t r a p p i n g i n an a c c e l e r a t i o n r e g i o n by magnetic 
f i e l d s . 
( i v ) Are t h e r e changes o f charge s p e c t r a due t o i n t e r a c t i o n s w i t h 
t h e i n t e r s t e l l a r medium. 
(v) Need t o account f o r t h e remarkable degree o f i s o t r o p y and 
constancy o f t h e p r i m a r y r a d i a t i o n . 
The observed p r i m a r y spectrum has t o be a r e s u l t o f a c o m b i n a t i o n 
o f i d e a s about t h e above. 
The q u e s t i o n o f t h e charge s p e c t r a has been n o t e d i n t h e .... 
p r e v i o u s s e c t i o n , which suggested t h a t t h e observed p r i m a r y 
energy spectrum p o i n t e d t o sources w h i c h a r e h i g h l y e v o l v e d . T h i s 
has l e d t o t h e i d e a o f supernovae as sources (eg G i n z b u r g 1964) . 
T a k i n g t h e energy o f p a r t i c l e s produced by a supernova t o be 
49 
~2.10 e r g , d i s t r i b u t e d u n i f o r m i l y o ver t h e whole g a l a c t i c d i s c , 
and t h e mean t i m e between supernovae t o be 40 y r t h e n t h e r a t e o f 
40 -1 
e j e c t i o n o f energy i s about 2.10 e r g s . T a k i n g t h e l o c a l cosmic 
r a y d e n s i t y (~leV) spread o v e r t h e volume o f t h e g a l a c t i c d i s c 
and t h e l i f e t i m e f o r p a r t i c l e s i n t h e d i s c o f 3.10^yr g i v e s t h e 
41 -1 
r e q u i r e d energy i n p u t o f about 2.10 e r g s . Since t h e r e i s good 
agreement between t h e s e f i g u r e s t h e s u g g e s t i o n i s h i g h l y a t t r a c t i v e . 
However t h i s would r e q u i r e a h i g h a c c e l e r a t i o n e f f i c i e n c y . A l s o 
15 
t h e p r i m a r y spectrum up t o about 10 eV, which f o l l o w s a s i n g l e 
_g_ 
power law, would seem t o r e q u i r e a s i n g l e source, s i n c e no f u n d -
amental process would g i v e t h e same power law spectrum i n e v e r y 
d i s c r e t e source, and t h e power law s p e c t r a from many sources, 
w i t h any d i s p e r s i o n i n t h e s p e c t r a l index, would n o t sum t o g i v e 
a power law spectrum. 
Other d i s c r e t e sources have been suggested, eg p u l s a r s , 
b u t none can account f o r t h e t o t a l cosmic r a y f l u x . The h i g h 
degree o f i s o t r o p y i s a l s o evidence a g a i n s t them. 
Fermi (1949) had suggested a d i f f u s e o r i g i n o f cosmic r a y s , 
a c c e l e r a t e d s t o c h a s t i c a l l y by c o l l i s i o n s w i t h moving magnetic 
f i e l d s . T h i s t h e o r y has been developed and g e n e r a l o p i n i o n now 
seems t o f a v o u r a m i x t u r e o f d i f f u s e and d i s c r e t e sources. 
18 
A t h i g h e n e r g i e s , i e above 10 eV, g a l a c t i c models f a i l 
and e x t r a g a l a c t i c cosmic r a y s from t h e l o c a l s u p e r c l u s t e r have 
been shown t o be c o n s i s t e n t w i t h p r e s e n t o b s e r v a t i o n s (Wdowczyk 
1979). However v e r y h i g h power would be r e q u i r e d . The q u e s t i o n 
o f whether t h e cosmic r a y f l u x i s c o n f i n e d t o t h e g a l a x y , i n 
whole o r i n p a r t , i s s t i l l open t o q u e s t i o n . However some e x t r a -
g a l a c t i c c o n t r i b u t i o n i s p r o b a b l y needed t o e x p l a i n t h e l a c k o f 
a h i g h energy c u t - o f f and e l e c t r o n s , , most l i k e l y come from t h e 
g a l a x y due t o i n v e r s e Compton l o s s e s w i t h t h e microwave back-
ground r a d i a t i o n . A summary o f evidence i s g i v e n by Long&air 
(1981) and reproduced i n t a b l e 1.2. 
Among a t t e m p t s t o c l a r i f y t h e p o s i t i o n are i n v e s t i g a t i o n s 
17 
o f a n i s o t r o p y o f v e r y h i g h energy cosmic r a y s above 10 eV, 
which would be expected t o be l i t t l e d e f l e c t e d from source 
and t h e abundance o f Be''"0 i n sea sediments (Tanaka 1979) . I n t h e 
l a t t e r , i t i s p o i n t e d o u t t h a t Be'''0 n u c l e i are produced i n t h e 
atmosphere by cosmic r a y i n t e r a c t i o n s and t h a t v a r i a t i o n s i n 10 i n t e n s i t y s h o u l d show up by i n v e s t i g a t i n g t h e abundance o f Be 
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as a function of depth i n ocean sediments. Any departure from a 
monotonic decrease with depth with a h a l f - l i f e of 1.6 10^ y r 
would i n d i c a t e d i s c r e t e sources. No evidence was found but 
improved experiments are now under way. 
1.5 SIGNIFICANCE OF COSMIC RAYS 
As has been i n d i c a t e d i n the previous s e c t i o n s , cosmic 
ray p h y s i c s has been r e s p o n s i b l e f o r many important d i s c o v e r i e s 
i n elementary p a r t i c l e , n u c l e a r and a s t r o - p h y s i c s . U n t i l the 
advent of p a r t i c l e a c c e l e r a t o r s , cosmic rays were the s o l e source 
of high energy p a r t i c l e s and i n t h i s f l u x were di s c o v e r e d such 
elementary p a r t i c l e s as the p o s i t r o n , muon, pion as w e l l as 
strange p a r t i c l e s . Much information on n u c l e a r i n t e r a c t i o n s has 
a l s o been found i n t h i s manner. Despite the development of l a r g e 
a c c e l e r a t o r s capable of producing la r g e f l u x e s of energies up to 
12 
10 eV, the c o s t of c o n s t r u c t i n g much l a r g e r ones w i l l ensure t h a t 
12 
cosmic rays a t energies i n excess of 10 eV w i l l 
remain an important source f o r very high energy n u c l e a r p h y s i c s . 
For example, a comparison of ground l e v e l o bservations with the 
primary spectrum can be used to extend i n t e r a c t i o n models to 
above a c c e l e r a t o r energies as i t i s apparent t h a t w e l l e s t a b l i s h e d 
12 
r u l e s governing n u c l e a r i n t e r a c t i o n s below 10 eV (eg Feynman's 
' s c a l i n g hypothesis') are not as s u c c e s s f u l as expected a t cosmic 
ray e n e r g i e s . 
Another important f e a t u r e i s t h e i r bearing on a s t r o -
p h y s i c a l phenonema. Many questions have s t i l l to be answered about 
t h e i r o r i g i n , a c c e l e r a t i o n and propagation. They can a l s o provide 
information on the i n t e r s t e l l a r medium, magnetic f i e l d s and 
-11-
n a t u r e o f t h e i r sources a s w e l l as b e i n g a probe i n t o t h e f a r 
reaches o f t h e g a l a x y and beyond. Thus i t can be seen t h a t cosmic 
r a y s s t i l l r e t a i n an i m p o r t a n t p l a c e i n f u t u r e r e s e a r c h i n t o 
n u c l e a r p h y s i c s and t h e n a t u r e o f t h e u n i v e r s e . 
-12-
CHAPTER 2 
THE AIR SHOWER ARRAY 
2.1 INTRODUCTION 
The a i r shower a r r a y was b u i l t o v e r t h e p e r i o d 1973 t o 
1976 by members o f t h e MARS r e s e a r c h group under t h e s u p e r v i s i o n 
o f Dr. M. G. Thompson. I t was handed over i n 1977, minus t h e 
d i g i t i s a t i o n e l e c t r o n i c s and computer, i n o r d e r t o a l l o w i t s 
c o n t i n u e d use t o t r i g g e r t h e group's f l a s h t ube chamber. 
The b a s i s o f t h e a r r a y i s formed by f o u r t e e n p l a s t i c 
s c i n t i l l a t o r d e t e c t o r s a r r a n g e d i n a ge o m e t r i c p a t t e r n , m o d i f i e d 
by t h e a v a i l a b i l i t y o f s u i t a b l e s i t e s . They are supplemented by 
e i g h t l i q u i d s c i n t i l l a t o r d e t e c t o r s . However t h e s e have n o t 
been used and, t h e r e f o r e , a re n o t d e s c r i b e d h e r e . The l a y o u t o f 
th e a r r a y i s shown i n f i g u r e 2.1. 
Each d e t e c t o r i s s u p p l i e d w i t h EHT f o r t h e p h o t o m u l t i p l i e r 
tubes (PMT) and 24V DC f o r t h e head a m p l i f i e r s (which a m p l i f y 
t h e o u t p u t o f t h e PMTs) from t h e l a b o r a t o r y . A t h i r d c a b l e i s 
p r o v i d e d t o c a r r y t h e PMT o u t p u t s t o t h e l a b o r a t o r y . A f o u r t h 
c a b l e i s k e p t as a spare. The arrangement o f t h e d e t e c t o r s u p p l y 
c a b l e s i s g i v e n i n f i g u r e 2.2. 
Once t h e s i g n a l has been r e t u r n e d t o t h e l a b o r a t o r y , i t 
i s passed t o an analogue m u l t i p l e x e r and on t o an o s c i l l o s c o p e 
where t h e o u t p u t i s d i s p l a y e d and photographed. The o u t p u t s o f 
seven o f t h e d e t e c t o r s are d i s c r i m i n a t e d and passed t o a c o i n -
c i d e n c e u n i t which produces a t r i g g e r p u l s e f o r o p e r a t i o n o f the 
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Density PMT EHT and Head Amplifier Power 
Head Amplifier Power (if d i f fe ren t ) 
Density Pulse and Spare 
Timing PMT EHT 
.2 : Layout o f c a b l e s s u p p l y i n g d e t e c t o r s 
DETECTOR 
.... 




C 0 75 0 0 0 
11 2 0 -12 30 -5 64 -4 83 
31 2 0 14 80 3 10 0 . 16 
51 2 0 0 30 -26 80 0 .18 
13 2 0 -45 0 29 5 -13 .5 
33 2 0 45 0 14 0 0 2 
53 2 0 -5 0 -58. 5 -8 7 
12 1 6 -24 0 7. 5 -12 8 
42 1 6 39 5 -36. 5 -8 3 
61 1 6 -7 9 -5 1 -4 9 
62 1 6 -41 0 -18. 2 -11 1 
32 1 0 25 5 8 5 0 7 
41 1 0 22 0 -17. 0 -11. 4 
52 1 0 -0 5 -17, 0 0 67 
TABLE 2.1 : Areas and c o o r d i n a t e s o f d e t e c t o r s 
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Seven detectors are used f o r determining t i m i n g i n f o r -
mation. These detectors have an e x t r a PMT, supplied w i t h EHT, 
separately from the density PMTs. Each output i s returned t o the 
la b o r a t o r y and processed through a f a s t a m p l i f i e r , a f a s t d i s c -
r i m i n a t o r and a time-to-amplitude converter (TAC) before being 
passed t o the analogue m u l t i p l e x e r along w i t h the density inform-
a t i o n . 
2.2 DESCRIPTION OF THE ARRAY 
2.2.1 The P l a s t i c S c i n t i l l a t o r Detectors 
The fourteen detectors are i d e n t i f i e d as C, 11, 12, 13, 
31, 32, 33, 41, 42, 51, 52, 61, 62 the f i r s t d i g i t denoting the 
arm of the array and the second i s the number of the d e t e c t o r on 
t h a t arm. There are fou r types of d e t e c t o r s , these being of area 
2m2 (11,31,51,13,33,53), 1.6m2 (12,42,61,62), 1m2 (32,41,52) and 
2 
0.75m (C). The p o s i t i o n s had been chosen so as t o enhance the 
symmetry o f the array. Each s c i n t i l l a t o r i s housed i n a wooden 
box, the head a m p l i f i e r s being located i n aluminium boxes 
recessed i n t o the s c i n t i l l a t o r box. These boxes are covered i n 
aluminium f o i l t o s h i e l d against e l e c t r i c a l i n t e r f e r e n c e , except 
f o r C which i s housed i n an aluminium box. The d e t e c t o r box r e s t s 
on an angle i r o n bed t o prevent damp and a s s i s t i n the c i r c u l a t i o n 
of a i r . A weatherproofed wooden hut covers the whole d e t e c t o r as 
shown i n f i g u r e 2.3. Each hut has a panel at one end t o allow 
access t o the e l e c t r o n i c s . 
The c e n t r a l d e t e c t o r , C, consists of two separate, r e c t -
angular slabs of 5cm t h i c k NE102A p l a s t i c s c i n t i l l a t o r and the 
PMTs are arranged as shown i n f i g u r e 2.4(a). Each slab has two 
P h i l i p s 53AVP PMTs, viewing v i a perspex l i g h t guides, one a t each 
/P1 
dete ct.o 

























end, t h e s e b e i n g u s e d t o o b t a i n d e n s i t y i n f o r m a t i o n . A l s o a t t a c h e d 
t o t h e l i g h t g u i d e a t one e n d i s a P h i l i p s 56AVP PMT w h i c h i s u s e d 
t o p r o v i d e t h e t i m i n g p u l s e s . T h i s d e t e c t o r a c t s as b o t h t h e 
s p a t i a l and t e m p o r a l o r i g i n f o r t h e a r r a y . 
2 
The 2m d e t e c t o r s a r e t h e o n l y o t h e r o n e s , b e s i d e s C, t o 
p r o v i d e t i m i n g i n f o r m a t i o n and be u s e d i n t r i g g e r s e l e c t i o n . 
They c o n s i s t o f a 2m x lm x 2.5cm s l a b o f NE110 s c i n t i l l a t o r . 
D e n s i t y i n f o r m a t i o n i s p r o v i d e d b y f o u r EMI 9579B PMTs, two e a c h 
v i e w i n g t h e 2m s i d e s o f t h e s l a b f r o m a d i s t a n c e o f a b o u t 3cm. 
One o f t h e 2m s i d e s has a P h i l i p s 56AVP PMT a t t a c h e d t o i t ( u s i n g 
NE580 o p t i c a l c e ment) t o p r o v i d e t i m i n g p u l s e s . T h i s i s shown i n 
f i g u r e 2 . 4 ( b ) . 
2 
The 1.6m d e t e c t o r s c o n s i s t o f f o u r i d e n t i c a l l i g h t -
p r o o f e d q u a r t e r s ( f i g u r e 2 . 4 ( c ) ) . The s l a b s a r e 2.5cm t h i c k 
NE102A p l a s t i c s c i n t i l l a t o r . Each q u a r t e r i s v i e w e d b y a P h i l i p s 
53AVP PMT t h r o u g h a p e r s p e x l i g h t g u i d e . 
2 
The l m d e t e c t o r s , a g a i n , c o n s i s t o f f o u r l i g h t - p r o o f e d 
s l a b s , b u t , h e r e , t h e y a r e v i e w e d on t h e i r b r o a d f a c e b y an EMI 
9579B PMT. The s l a b s a r e 5cm t h i c k and o f unknown c o m p o s i t i o n . 
The a r r a n g e m e n t i n c r e a s e s t h e r e s p o n s e o f t h e d e t e c t o r t o a l m o s t 
u n i t y o v e r a l l o f i t s a r e a and i s n e c e s s i t a t e d b y t h e s c i n t i l l a t o r ' s 
unknown c o m p o s i t i o n and n o t b e i n g o f t h e h i g h e s t q u a l i t y . 
2.2.2 The P h o t o m u l t i p l i e r Tubes 
T h e r e a r e t h r e e t y p e s i n u s e , t h e s e b e i n g t h e EMI 9579B 
w i t h a 12cm p h o t o c a t h o d e , t h e P h i l i p s 53AVP w i t h a 5cm p h o t o -
c a t h o d e and t h e P h i l i p s 56AVP a l s o w i t h a 5cm p h o t o c a t h o d e . 
These w e r e c h o s e n as t h e y h a v e a s p e c t r a l r e s p o n s e w h i c h i s i n 
t h e same r e g i o n as t h a t o f t h e p l a s t i c s c i n t i l l a t o r a nd a l s o 
-15-
b r o a d e r so t h a t t h e number o f p h o t o n s f r o m t h e s c i n t i l l a t o r 
r e s u l t i n g i n an e l e c t r i c a l s i g n a l i s m a x i m i s e d ( f i g u r e 2 . 5 ) . 
The t u b e s a r e s u p p l i e d w i t h n e g a t i v e EHT and t h e i r b a s e 
c i r c u i t s a r e shown i n f i g u r e 2.6. These a r e o f t h e h i g h c u r r e n t 
d e s i g n f o r good l i n e a r i t y a nd t o r e d u c e s a t u r a t i o n e f f e c t s . 
The o u t p u t i s n e g a t i v e w i t h an e x p o n e n t i a l d ecay t i m e c o n s t a n t 
o f 20yijLS. The t i m i n g t u b e s a l s o g i v e a n e g a t i v e o u t p u t a nd use 
a n e g a t i v e EHT s u p p l y b u t t h e o u t p u t has a f.w.h.m. o f a b o u t 
5ns and a r e s e m i - g a u s s i a n . O p e r a t i n g v o l t a g e s a r e a b o u t l k V f o r 
t h e d e n s i t y PMTs and 2kV f o r t h e t i m i n g PMTs. Tube l i n e a r i t y f o r 
t h e o p e r a t i n g c o n d i t i o n s d e s c r i b e d above h a v e b e e n i n v e s t i g a t e d 
b y S m i t h (1976) and f o u n d t o be good. 
Two EHT s u p p l y u n i t s a r e u s e d . One f o r t h e ' s l o w ' ( d e n s i t y ) 
PMTs and t h e o t h e r f o r t h e ' f a s t ' ( t i m i n g ) PMTs. The f o r m e r was 
s e t a t 2 . 4kV and t h e l a t t e r a t 2.7kV. T h i s i s t h e n d r o p p e d t o 
t h e t u b e o p e r a t i n g v o l t a g e i n d i s t r i b u t i o n u n i t s , a t t h e d e t e c t o r , 
as shown i n f i g u r e 2.7. T h i s a l l o w s t h e v o l t a g e a p p l i e d t o 
i n d i v i d u a l t u b e s t o be a d j u s t e d w i t h o u t a f f e c t i n g t h e v o l t a g e a t 
t h e o t h e r s . 
2.2.3 The Head A m p l i f i e r s 
The o u t p u t s f r o m e a c h o f t h e ' s l o w ' PMTs i n a d e t e c t o r 
a r e summed, a m p l i f i e d and i n v e r t e d i n t h e h e a d a m p l i f i e r . The 
c i r c u i t , shown i n f i g u r e 2.8, c o n s i s t s o f an e m i t t e r - f o l l o w e r 
f o r e a c h c h a n n e l , whose o u t p u t s a r e summed and a m p l i f i e d b y a 
^uA702 o p e r a t i o n a l a m p l i f i e r f e e d i n g i n t o an e m i t t e r - f o l l o w e r t o 
d r i v e t h e s i g n a l down t h e c a b l e t o t h e l a b o r a t o r y . The g a i n i s 
n o m i n a l l y s e t t o f i v e a nd t h e r e s p o n s e o f t h e a m p l i f i e r i s shown 
i n f i g u r e 2.9. The t e m p e r a t u r e dependence has b e e n i n v e s t i g a t e d 
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( S m i t h , i b i d ) a nd shown t o have n e g l i g i b l e e f f e c t on t h e g a i n . 
Power f o r t h e a m p l i f i e r i s s u p p l i e d b y a 24V 3A s t a b i l i s e d p ower 
s u p p l y i n t h e l a b o r a t o r y . 
2.2.4 C a b l i n g 
To e c o n o m i s e on c a b l e , t h e ' s l o w ' EHT and t h e LT 
r u n f r o m d e t e c t o r t o d e t e c t o r a l o n g t h e arms as shown i n f i g u r e 
2.2. The c o a x i a l c a b l e i s RG58 c/u 50 i n w h i c h t h e p u l s e i n f o r m -
a t i o n p r o p a g a t e s w i t h 0.9dB p e r 100m l o s s w h i c h i s c o m p e n s a t e d 
f o r b y an i n c r e a s e i n t h e PMT EHT. The f r e q u e n c y r e s p o n s e does 
n o t s i g n i f i c a n t l y a l t e r t h e shapes o f e i t h e r t h e d e n s i t y o r t i m i n g 
p u l s e s . The 24V LT c a b l e i s s c r e e n e d 4 - c o r e BICC 16.2.4C w i t h t w o 
o f t h e c o r e s s p a r e . The p r o p a g a t i o n t i m e o f t h e c o a x i a l c a b l e 
and i t s dependence on h u m i d i t y and t e m p e r a t u r e has been i n v e s t -
i g a t e d b y S m i t h ( i b i d ) . I t was f o u n d t h a t h u m i d i t y h a d no e f f e c t , 
t h e c a b l e s b e i n g w a t e r p r o o f , and t h e t e m p e r a t u r e c o e f f i c i e n t i s 
(-6.0±0.2) 1 0 " 4 ns m" 1 ° C _ 1 o v e r t h e r a n g e 15°C t o 47°C. No 
c o r r e c t i o n need t h e r e f o r e be a p p l i e d . 
2.3 CALIBRATION OF THE DETECTORS 
2.3.1 I n t r o d u c t i o n 
The number o f p h o t o n s r e a c h i n g t h e PMTs w i l l d epend on t h e 
e n e r g y o f t h e p a r t i c l e , t h e a n g l e a t w h i c h i t p a s s e s t h r o u g h t h e 
d e t e c t o r and t h e p o i n t a t w h i c h i t p a s s e s t h r o u g h t h e d e t e c t o r 
(as t h e s c i n t i l l a t o r i s n o t u n i f o r m and t h e p h o t o n s a r e a t t e n u a t e d 
as t h e y p a s s t h r o u g h i t ) . S i n c e no two d e t e c t o r s a r e t h e same, 
e a c h has t o be i n d i v i d u a l l y c a l i b r a t e d . 
One m a i n p r o b l e m o f s c i n t i l l a t o r s i s t h e l i g h t a t t e n u a t i o n 
l e n g t h , i e t h e d i s t a n c e o v e r w h i c h l i g h t i s a t t e n u a t e d b y e ^ o f 
- 1 7 -
i t s o r i g i n a l i n t e n s i t y . The n o n - u n i f o r m i t y c a u s e d b y t h i s has t o 
be t a k e n i n t o a c c o u n t . T h e r e f o r e c o n t o u r maps o f e a c h t y p e o f 
d e t e c t o r ' s r e s p o n s e h ave been o b t a i n e d ( S m i t h , i b i d ) and f r o m t h e s e , 
c a l i b r a t i o n p o i n t s have been o b t a i n e d ( f i g u r e 2 . 1 0 ) . The p u l s e 
h e i g h t o b t a i n e d a t t h i s p o i n t c a n t h e n be c o n v e r t e d t o a p a r a m e t e r 
d e f i n e d as t h e 'mean p u l s e h e i g h t p e r p a r t i c l e p e r d e t e c t o r ' 
w h i c h i s t h e n u s e d i n t h e c a l i b r a t i o n . 
2.3.2 C a l c u l a t i o n o f t h e C a l i b r a t i o n P u l s e H e i g h t 
The a i m o f t h e c a l i b r a t i o n i s t o a d j u s t t h e EHT s u p p l y 
t o t h e PMTs i n a d e t e c t o r so t h a t t h e o u t p u t , i n mV, a t t h e 
l a b o r a t o r y , when d i v i d e d b y 100, w i l l g i v e t h e number o f p a r t i c l e s 
p e r s q u a r e m e t r e a t t h e d e t e c t o r , i e . t h e d e n s i t y a t t h e d e t e c t o r . 
L e t D = p a r t i c l e d e n s i t y a t d e t e c t o r ( p t l e s m ) 
2 
A = a r e a o f d e t e c t o r (m ) 
H = p u l s e h e i g h t (rav) 
n = number o f PMTs v i e w i n g a s i n g l e s c i n t i l l a t o r s l a b 
- 1 - 1 -2 
S = c a l i b r a t i o n p u l s e h e i g h t (mV p t l e PMT m ) 
C a l i b r a t i o n p u l s e h e i g h t f o r d e t e c t o r i s SA (mV p t l e - " ' " PMT-"'" d e t - 1 ) 
- 1 - 1 
C a l i b r a t i o n p u l s e h e i g h t f o r a PMT i s nSA (mV p t l e d e t ) 
w h i c h i s d e f i n e d t o be 100mV. 
S = mV p t l e - 1 PMT - 1 m - 2 ( 2 . 1 ) 
However t w o c o r r e c t i o n s r e q u i r e t o be made t o t h i s v a l u e 
o f S. These a r e as f o l l o w s : 
( i ) I t i s f o u n d t o be more c o n v e n i e n t t o measure t h e mode, n o t 
t h e mean, o f t h e d i s t r i b u t i o n o f o u t p u t p u l s e h e i g h t s , 
w h i c h a r e a q u i r e d on a p u l s e h e i g h t a n a l y s e r (PHA). The 
r e l a t i o n s h i p b e t w e e n t h e mean and t h e mode v a r i e s b e t w e e n 
200 
2m 2 ; Detectors 11,13,31,33,51,53 
ON 0-90 0-80 c O 9 0 
|* 55 
2x 0 3 8 m 2 : Detector C 
•9 
GO •7 •6 •5 •45 
C o LTI 
V 
|« 80 »| 
4 x 0 . 4 m2 : Detectors 12,42,61,62 
FIGURE 2.10 P u l s e h e i g h t c o n t o u r map o f t h e 
A r r a y ' s s c i n t i l l a t o r s ( a f t e r S m i t h , 1 9 7 6 ) 
C r e p r e s e n t s t h e c a ] i h r - i t i on p o i n t r; 
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d e t e c t o r t y p e s and has b e e n d e t e r m i n e d a t t h e c a l i b r a t i o n 
p o i n t b y S m i t h ( i b i d ) . The r a t i o , R, was f o u n d t o v a r y b y 
no more t h a n 4% o v e r t h e t o t a l s c i n t i l l a t o r o f any d e t e c t o r . 
( i i ) A number o f t h e d e t e c t o r s h a ve a c a l i b r a t i o n p o i n t w h i c h i s 
n o t a t t h e same s p o t w h e r e t h e mean p u l s e h e i g h t o c c u r s and 
a f u r t h e r c o r r e c t i o n has t o be a p p l i e d . T h i s r a t i o , g, i s 
g i v e n b y t h e p u l s e h e i g h t a t t h e c a l i b r a t i o n p o i n t d i v i d e d 
b y t h e p u l s e h e i g h t a t t h e mean p u l s e h e i g h t c o o r d i n a t e and 
has b e e n d e t e r m i n e d b y S m i t h ( i b i d ) . 
I n c l u d i n g t h e s e c o r r e c t i o n s i n t h e p u l s e h e i g h t c a l i b r a t i o n 
e q u a t i o n g i v e s : 
S = ^ 2 m V p t l e " 1 PMT" 1 m"2 ( 2 . 2 ) AnR ^ 
a t t h e mode o f t h e s i n g l e p a r t i c l e d i s t r i b u t i o n a t t h e c a l i b r a t i o n 
p o i n t . The v a l u e s f o r R and g a r e g i v e n i n t a b l e 2.2. 
2.3.3 C a l i b r a t i o n P r o c e d u r e 
I n p r a c t i c e , when t h e d e t e c t o r o u t p u t i s d i s p l a y e d on t h e 
PHA, t h e s i n g l e p a r t i c l e p e a k i s n o t o b s e r v e d as i t i s masked 
b y n o i s e , due, i n t h e m a i n , t o PMT n o i s e and l i g h t l e a k i n g i n t o 
t h e d e t e c t o r . I n o r d e r t o r e d u c e t h e n o i s e a p a r t i c l e t e l e s c o p e 
i s u s e d . 
3 
The t e l e s c o p e c o n s i s t s o f a 23 x 23 x 3 cm s l a b o f NE102A 
p l a s t i c s c i n t i l l a t o r , v i e w e d f r o m one edge b y t w o P h i l i p s 53AVP 
PMTs. Each o f t h e s e i s s u p p l i e d w i t h +1.9kV f r o m t h e l a b o r a t o r y 
v i a a c h a r g e s e n s i t i v e a m p l i f i e r (CSA). T h i s e n a b l e s t h e c a b l e 
r e q u i r e m e n t t o be r e d u c e d , o n l y t w o (one f o r e a c h t u b e ) b e i n g 
i n s t a l l e d f o r e a c h arm o f t h e a r r a y . The s c i n t i l l a t o r and t u b e s 
a r e s e a l e d i n an a l u m i n i u m b o x . 
The s i g n a l s f r o m t h e CSAs a r e p a s s e d t o a d u a l d i s c r i m i n a t o r 
DETECTOR A N n R g c 
C 0.75 4 2 1.53±0.01 0.89 38. 3 
11, 31, 51, 
13,33,53 
2.0 4 4 1.83±0.01 1.41 9.6 
12,42,61,62 1.6 4 1 1.60±0.01 1.00 39. 1 
32,41,52 1.0 4 1 1.40±0.01 1.00 71.4 
A = T o t a l a r e a o f d e t e c t o r (m ) 
N = T o t a l number o f p h o t o m u l t i p l i e r t u b e s i n d e t e c t o r 
n = Number o f p h o t o m u l t i p l i e r t u b e s v i e w i n g e a c h p i e c e o f 
s c i n t i l l a t o r 
R = Mean o f p u l s e h e i g h t d i s t r i b u t i o n d i v i d e d by i t s mode 
g = P u l s e h e i g h t a t c a l i b r a t i o n p o i n t d i v i d e d by mean p u l s e 
h e i g h t 
S = C a l i b r a t i o n p u l s e h e i g h t (mV) 
TABLE 2.2 s C a l i b r a t i o n p a r a m e t e r s f o r d e n s i t y measurement 
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( f i g u r e s 2.11 and 2.12) , s e t a t a l e v e l o f lOOmV t o remove a 
l a r g e p r o p o r t i o n o f t h e n o i s e , and f r o m t h e s e i n t o a c o i n c i d e n c e 
u n i t w h i c h p r o d u c e s a 2yu.s, -5V r e c t a n g u l a r p u l s e f o r g a t i n g t h e 
100 c h a n n e l Laben PHA. I n t h i s way t h e m a j o r i t y o f p u l s e s r e c o r d -
e d b y t h e PHA a r e p a r t i c l e p u l s e s . Because t h e a n a l o g u e m u l t i p l e x e r 
(MUX) has an i n p u t r e s i s t a n c e o f 50fl- , a 5 0 n t e r m i n a t i o n has t o 
be a p p l i e d t o t h e PHA i n p u t . 
To c a l i b r a t e e a c h t u b e t h e o t h e r t u b e s h a v e , f i r s t , t o be 
d i s c o n n e c t e d f r o m t h e hea d a m p l i f i e r . The t e l e s c o p e i s p l a c e d 
w i t h t h e c e n t r e o f i t s s c i n t i l l a t o r o v e r t h e c a l i b r a t i o n p o i n t 
and t h e PHA s t a r t e d . A f t e r a p p r o x i m a t e l y t e n m i n u t e s a s u f f i c i e n t l y 
a c c u r a t e d i s t r i b u t i o n i s o b t a i n e d i n o r d e r t o d e c i d e w h e t h e r t h e 
PMT EHT s u p p l y i s t o o l o w o r t o o h i g h . The EHT i s t h e n a d j u s t e d 
and t h e p r o c e s s r e p e a t e d . As t h e c a l i b r a t i o n v a l u e i s a p p r o a c h e d 
t h e c a l i b r a t i o n t i m e r e q u i r e s i n c r e a s i n g . The t u b e i s c o n s i d e r e d 
c a l i b r a t e d i f w i t h i n ± 4 % o f t h e r e q u i r e d v a l u e . 
When t h i s i s r e a c h e d , t h e PHA i s r u n o v e r n i g h t t o o b t a i n 
a more a c c u r a t e d i s t r i b u t i o n . The r e s u l t i n g d i s t r i b u t i o n c a n t h e n 
be d r a w n and t h e mode d e t e r m i n e d . A t y p i c a l s i n g l e p a r t i c l e p e a k 
i s shown i n f i g u r e 2.13. 
2.4 SIGNAL PROCESSING 
2.4.1 T i m i n g I n f o r m a t i o n 
P u l s e s f r o m e a c h o f t h e f a s t PMTs i s p a s s e d , f i r s t , t o a 
NE4634 F a s t A m p l i f i e r , w h e r e n e c e s s a r y , and t h e n t o a NE4635 F a s t 
D i s c r i m i n a t o r . I t i s e s s e n t i a l t h a t t h e p u l s e f r o m C a r r i v e s f i r s t . 
The d i s t a n c e o f t h e o u t e r d e t e c t o r s ( 1 3 , 33, 53) f r o m t h e l a b o r a t o r y -
e n s u r e s t h i s , b u t f o r t h e i n n e r d e t e c t o r s ( 1 1 , 3 1 , 5 1 ) a l a r g e c o i l 
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FIGURE 2.13 : T y p i c a l s i n g l e p a r t i c l e peak as d i s p l a y e d 
on p u l s e h e i g h t a n a l y s e r 
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C i s then used t o s t a r t each of s i x NE4645 TACs (which produce 
a rectangular output of height p r o p o r t i o n a l t o the time d i f f e r -
ence between the s t a r t and stop pulses, and width 5yus) , the 
pulses from the i n d i v i d u a l t i m i n g detectors stopping them. The 
output of a TAC i s then p r o p o r t i o n a l t o the time the shower 
f r o n t passes through the det e c t o r , r e l a t i v e t o the time i t passes 
through C, plus the d i f f e r e n c e s i n cable and e l e c t r o n i c s delays. 
This pulse i s then passed t o the MUX and h e l d i f a shower t r i g g e r 
occurs. 
I t i s thus necessary t o ensure t i m i n g i n f o r m a t i o n i s 
received f o r a l l shower f r o n t s but noise should not be h i g h enough 
t o give f a l s e s i g n a l s . A s u i t a b l e i n d i c a t o r i s the r a t e o f pulses 
from the d i s c r i m i n a t o r of each channel. A r a t e of around 200s-"'" 
has been found t o f i t the requirement. However t h i s can only be 
a rough guide as the r a t e f l u c t u a t e s markedly w i t h v a r i a t i o n s i n 
atmospheric c o n d i t i o n s . Adjustment of t h i s i s made d a i l y d u r i n g 
operation of the array by a l t e r i n g the a m p l i f i c a t i o n and/or 
d i s c r i m i n a t i o n l e v e l s . 
2.4.2 Density I n f o r m a t i o n 
Density s i g n a l s from C,11,31,51,13,33,53 are fed t o 
b u f f e r - d i s c r i m i n a t o r s . Each of these has an i n p u t o f 10KQ. 
impedance and three outputs. One output i s d i r e c t ( f o r output 
t o the PHA) , the second i s b u f f e r e d ( f o r general use) and the 
l a s t i s d i s c r i m i n a t e d . The d i s c r i m i n a t o r i s of the leading edge 
type, using a yUA710 high speed comparator and the l e v e l i s 
adjustable between 40mV and 7V. The d i s c r i m i n a t e d outputs are 
then fed t o a coincidence u n i t . This allows any combination o f 
the above detectors t o form a t r i g g e r . Usually o n l y two comb-
i n a t i o n s are used. These are the i n n e r r i n g t r i g g e r , c o n s i s t i n g 
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of C,11,31,51, and the outer r i n g t r i g g e r , c o n s i s t i n g of C,13, 
33,53. The t r i g g e r pulse i s then fed t o a b u f f e r e d fan out t o 
allow i t t o t r i g g e r the data recording e l e c t r o n i c s and any 
a n c i l l i a r y equipment (eg the f l a s h tube chamber). The t h r e s h o l d 
_2 
f o r t r i g g e r i n g was set at 4 p a r t i c l e s m f o r C and 2 p a r t i c l e s 
_2 
m f o r the other d e t e c t o r s . 
2.4.3 Data Recording 
A l l channels, both 'slow' and ' f a s t ' , are fed t o the MUX 
where the pulse heights are he l d by sample and ho l d c i r c u i t s (SH) 
on a p p l i c a t i o n of the t r i g g e r pulse. The t r i g g e r also actuates a 
strobe which produces a series o f 24 TTL pulses. These are fed 
t o the MUX and the stored pulse heights are dumped, s e r i a l l y , 
t o a Tektronix 5102 dual beam o s c i l l o s c o p e at a spacing d i c t a t e d 
by the strobe spacing. The operation of the strobe and MUX are 
described i n g r e a t e r d e t a i l i n Chapter 5. 
The o s c i l l o s c o p e i s e x t e r n a l l y t r i g g e r e d by the t r i g g e r 
pulse. Tn order t o extend the pulse h e i g h t range t h a t can be 
measured the MUX output was fed t o one beam on lVcm ^ and t o 
the other beam on 0.lVcm 1. Since the s a t u r a t i o n output o f the 
head a m p l i f i e r s i s approximately 9.5V, the maximum p a r t i c l e 
-2 
density t h a t can be recorded i s about 95 p a r t i c l e s m . The 
_2 
f i r s t beam allows d e n s i t i e s i n the range 2 t o 100 p t l e s m t o 
_2 
be recorded w h i l e the second covers the 0.2 t o 10 p t l e s m 
range. 
I n order t o e s t a b l i s h the time of the event, a d i g i t a l 
clock, which has a t r i g g e r a b l e s i x d i g i t l i g h t e m i t t i n g diode 
d i s p l a y , i s placed adjacent t o the o s c i l l o s c o p e screen. 
A camera was used t o record the event. I t i s contained 
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i n a l i g h t - t i g h t box, together w i t h the o s c i l l o s c o p e , and the 
s h u t t e r remains open. A 'camera d r i v e u n i t 1 was b u i l t t o c o n t r o l 
the f i l m wind on. This i s t r i g g e r e d by the t r i g g e r pulse and 
a f t e r a delay of approximately one second closes a r e l a y i n the 
power supply l i n e t o the camera motor f o r a time s u f f i c i e n t t o 
wind on one frame. This c i r c u i t i s shown i n f i g u r e 2.14. Figure 
2.15 shows the form of the output and f i g u r e 2.16 i s a block 
diagram of the data recording system. 
2.5 CONCLUSIONS 
The array, i n t h i s form, was run i n c o n j u n c t i o n w i t h the 
tachyon search experiment, which i s described i n Chapter 4. As 
such, i t s main purpose was t o provide a shower t r i g g e r . 
However, d u r i n g i t s use, i t was found t o be very u n r e l i a b l e , 
and unsuited t o use f o r long periods as a shower t r i g g e r on a 
•one man operation' basis. The problems encountered included the 
f o l l o w i n g : 
( i ) F a i l u r e s of EHT supply due t o f a i l u r e of the dropping 
r e s i s t o r s , potentiometers and c a p a c i t o r s . This r e s u l t e d i n 
a s h i f t of c a l i b r a t i o n f a c t o r , excessive noise or t o t a l f a i l u r e . 
( i i ) L i g h t leaks i n t o boxes which caused excessive noise. 
( i i i ) Detectors not b u i l t f o r ease of maintenance. 
A number of e l e c t r o n i c and mechanical a l t e r a t i o n s were 
made t o attempt t o a l l e v i a t e the problems. 
Also the photographic method of data recording was obviously 
u n s u i t a b l e f o r analysing large amounts of data, e s p e c i a l l y i f 
these r e s u l t s are t o be a n c i l l i a r y t o another experiment. A 
microcomputer was used t o automate the data c o l l e c t i o n and ana l y s i s . 
The m o d i f i c a t i o n s and the data c o l l e c t i o n are described i n Chapter 5. 
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FIGURE 2.15 Diagrammatic r e p r e s e n t a t i o n of a shower as 
recorded on the o s c i l l o s c o p e 
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INTRODUCTION TO TACHYON THEORY 
3.1 TACHYON PHYSICS 
3.1.1 Tachyons and R e l a t i v i t y 
The f i r s t p o i n t t h a t has t o be discussed i n any account 
of tachyon theory i s t h a t of t h e i r a c c e p t a b i l i t y i n the frame-
work of r e l a t i v i t y . Since the f o r m u l a t i o n of the s p e c i a l theory 
of r e l a t i v i t y by E i n s t e i n , o b j e c t i o n s t o superluminal p a r t i c l e s 
have been based on the f a c t t h a t p a r t i c l e s cannot be accelerated 
t o v e l o c i t i e s g reater than c, the v e l o c i t y of l i g h t i n a vacuum. 
I n f a c t E i n s t e i n , himself, had concluded t h a t ' v e l o c i t i e s g reater 
than t h a t of l i g h t .... have no p o s s i b i l i t y o f existence'. 
This view p r e v a i l e d u n t i l B i l a n i u k and Sudarshan (1962) 
re-examined the problem. They point e d out t h a t , although the 
theory disallowed a c c e l e r a t i o n of subluminal p a r t i c l e s ( i e . 
p a r t i c l e s w i t h v e l o c i t i e s less than c) t o superluminal v e l o c i t i e s 
( i e . v e l o c i t i e s g r e a t e r than c ) , there was nothing i n the theory 
which prevented the production of p a r t i c l e s w i t h superluminal 
v e l o c i t i e s , provided t h a t t h e i r v e l o c i t i e s were always greater 
than t h a t of l i g h t . 
The existence of superluminal v e l o c i t i e s would t h e r e f o r e 
introduce a new class of p a r t i c l e s t o physics i n a d d i t i o n t o 
'normal' subluminal p a r t i c l e s and luminal p a r t i c l e s , eg. photons 
and n e u t r i n o s . P a r t i c l e s of these groups can only e x i s t i n t h e i r 
r e s p e c t i v e v e l o c i t y domains. 
3.1.2 The Second Postulate and Emission Theories 
The above discussion i s on the basis t h a t the second 
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p o s t u l a t e of the s p e c i a l theory of r e l a t i v i t y ( i e . c i s independ-
ent of the v e l o c i t y of the source) holds. That i t does, i s not 
now i n dispute, though experiments of i n c r e a s i n g accuracy are 
s t i l l being c a r r i e d out. However i t i s appropriate t o mention 
some of the experimental t e s t s of the p o s t u l a t e and a l t e r n a t i v e 
t h e o r i e s t o e x p l a i n the observations (emission t h e o r i e s ) . 
3.1.2.1 R i t z Emission Theory 
The only serious attempt a t an emission theory was produced 
by R i t z (1911) as an a l t e r n a t i v e t o r e l a t i v i s t i c electromagnetic 
theory. However he d i d not consider i t t o be a t r u e theory but 
used i t only t o show t h a t Lorentz invariance was not a necessary 
concept. I t used as i t s basic assumption t h a t every e l e c t r i c 
charge c o n t i n u a l l y emits i n f i n i t e l y small, f i c t i t i o u s , p a r t i c l e s 
i n a l l d i r e c t i o n s . These p a r t i c l e s were assumed t o leave the charge 
w i t h a r e l a t i v e v e l o c i t y c and t r a v e l a t constant v e l o c i t y , 
independent of the subsequent motion of the charge. The force 
exerted by t h i s charge on another depends on the d i s t r i b u t i o n 
and r e l a t i v e v e l o c i t i e s of these p a r t i c l e s at the second charge. 
Using c l a s s i c a l kinematics, R i t z was then able t o c a l c u l a t e a 
formula f o r the force of one charge on another which depended 
only on the r e l a t i v e p o s i t i o n s , v e l o c i t i e s and a c c e l e r a t i o n s . 
He had thus created a theory which was r e l a t i v i s t i c i n the 
G a l i l e a n sense. However the development of a more general theory 
was terminated by h i s death. 
3.1.2.2 Experimental V e r i f i c a t i o n of the Second Postulate 
I f the v e l o c i t y of l i g h t i s dependent on the source 
v e l o c i t y then b i n a r y s t a r systems would show unusual e f f e c t s 
( D e S i t t e r , 1913). The most obvious t o occur would be event time_ 
order r e v e r s a l and the appearance of m u l t i p l e images of a s t a r . 
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However i t was pointed out by Fox (1965) t h a t o p t i c a l observations 
may not be v a l i d as the r a d i a t i o n i s s c a t t e r e d d u r i n g i t s prop-
agation through the i n t e r s t e l l a r medium. For* \ =5000A a character-
i s t i c e x t i n c t i o n l ength, %, of about 2 l . y r i s obtained - less 
than the distance t o the s t a r . 
This prompted a number of experimenters (Alvager e t a l , 
1963 : Sadeh, 1963) t o measure the v e l o c i t y of S'-rays, whose 
e x t i n c t i o n l ength, i t was argued, would be n e g l i g i b l e , produced 
i n various i n t e r a c t i o n s . Noneof these appeared t o disprove the 
p o s t u l a t e . However F i l i p p a s and Fox (1964) noted that,though X 
appeared t o be n e g l i g i b l e , the amounts of m a t e r i a l put i n the 
path o f the ^ - rays was thus i n v a l i d a t i n g the r e s u l t s . They 
c a r r i e d out a s i m i l a r experiment w i t h much reduced e x t i n c t i o n 
but came t o the same conclusion as the others. 
I t was not u n t i l r e c e n t l y t h a t improved technigues allowed 
s t a r s t o be observed i n high wavelength regions. Using t h i s data, 
the b i n a r y s t a r problem i s overcome as X- i s now l a r g e , ~2 0 kpc 
f o r 70keV X-rays. Brecher (1977) studied three b i n a r y , r e g u l a r l y 
p u l s i n g , X-ray sources which were close enough f o r e x t i n c t i o n 
e f f e c t s t o be n e g l i g i b l e . From t h e i r distances, o r b i t a l periods 
and Doppler v e l o c i t i e s he determined the constant k, i n c'=c+kv 
(where c 1 i s the v e l o c i t y of the r a d i a t i o n and v i s the v e l o c i t y 
of the source. k=0 f o r Ei n s t e i n ' s theory and k-1 f o r Rit z t h e o r y ) . 
-9 5 A value of k of less than 2.10 was obtained, a f a c t o r of 10 
smaller than l a b o r a t o r y determined values, thus e s t a b l i s h i n g the 
second p o s t u l a t e t o much gre a t e r accuracy. 
3.1.3 Basic Properties of Tachyons 
Having shown t h a t the existence of tachyons must be 
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contained i n the framework of s p e c i a l r e l a t i v i t y we now look a t 
the basic energy-momentum r e l a t i o n s h i p s of tachyons. F i r s t l y we 
consider the energy-mass r e l a t i o n , 
E = tfmQc2 (where * = [ l - ( | ) 2 ] ' h ) (3.1) 
The energy must be r e a l . This i s t r u e f o r v less than c as ^ i s 
r e a l and p o s i t i v e . I t also holds f o r v equal t o c, provided mQ 
i s set t o zero. The l a t t e r i s shown t o be t r u e by the existence 
of photons and n e u t r i n o s . We can now extend t h i s argument t o 
include tachyons. I n order t o keep the energy r e a l , mQ must be 
imaginary when # i s imaginary. 
i e . we set m - irn (3.2) 
o * 
where ITI i s known as the meta-mass. 
What i s the meaning of an imaginary proper mass ? The 
same can be s a i d of the zero mass of a luxon (a p a r t i c l e w i t h 
v e l o c i t y of c ) . I n both cases i t i s impossible f o r us t o t r a v e l 
i n the same r e s t frame as the p a r t i c l e and measure i t s mass. 
Therefore any o b j e c t i o n i s i n v a l i d . (Also the proper time and 
proper l e n g t h r e l a t i n g t o a superluminal p a r t i c l e are imaginary). 
3.1.4 Geometrical Considerations and Symmetry 
2 2 2 2 4 
The s o l u t i o n s of the energy-momentum vec t o r (E = p c +m c ) , 
i n v a r i a n t under Lorentz t r a n s f o r m a t i o n , can be displayed i n 
E - p space as shown i n f i g u r e 3.1. There are a t o t a l of s i x 
s o l u t i o n s . The upper branch describes p a r t i c l e s w i t h v e l o c i t y 
less than c (known as tardyons). The v e l o c i t y , v , i s given by 
^x 
I t can be seen t h a t the v e l o c i t y of a tardyon can never reach c 
even i f i t i s transformed t o a frame where the energy i s very 
2 
1 *> ^ n r> n r 
Luxons Tachyons 
1 2 P 0 
1 
FIGURE 3.1 : Pl o t of the energy-momentum ve c t o r i n v a r i a n t , 
showing the s o l u t i o n s f o r p a r t i c l e s i n each 
of the three v e l o c i t y domains 
-27-
l a r g e . 
I f we set mo t o zero then we get s t r a i g h t l i n e s above the 
x-axis. These describe luxons and everywhere on t h i s l i n e the 
v e l o c i t y i s c i r r e s p e c t i v e of the Lorentz-transformation (LT) 
t h a t may be performed. 
The l e f t and r i g h t branches, above the x - a x i s , describe 
p a r t i c l e s whose v e l o c i t i e s are always greater than c, i e . tachyons, 
and i t can be seen t h a t t h e i r existence would complete the 
symmetry of the s o l u t i o n s . 
The branches below the x-axis describe p a r t i c l e s (of a l l 
three types) which have negative energy and these can be associated 
w i t h a n t i - p a r t i c l e s . 
3.1.5 C a u s a l i t y and the R e i n t e r p r e t a t i o n P r i n c i p l e 
One of the more serious o b j e c t i o n s t o the existence of 
tachyons i s the c a u s a l i t y problems t h a t would ensue. This i s 
because, f o r c e r t a i n observers, t h e i r energy would be negative 
(as can be seen from f i g u r e 3.1). 
F i r s t l y consider the Minkowski time-space diagram, i n 
one-dimension, shown i n f i g u r e 3.2. Now the world l i n e of a 
luxon i s shown by the l i n e v = c, w i t h g r a d i e n t 1. 
dx dx - i v = -TT = C or "~TT = 1 d t cdt 
The world l i n e s of a l l subluminal p a r t i c l e s must have, 
dx 
v < c or < 1 i e . g r a d i e n t > 1 
S i m i l a r l y superluminal p a r t i c l e s must have world l i n e s w i t h 







Frame S' t rave ls — 
ar w w.r.t. S 
0 
FIGURE 3.2 : Minkowski time-space diagram 
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the w orld l i n e f o r s t a t i o n a r y objects coincides w i t h the c t - a x i s . 
For an observer i n the primed frame moving at a v e l o c i t y co, w i t h 
respect t o the unprimed frame, these two c o n d i t i o n s , i e . the l i m i t s 
of x=0 and t=0, are represented by d i f f e r e n t world l i n e s i n the 
unprimed frames. The angle, which the primed axes make w i t h 
t h e i r r e s p e c t i v e unprimed axes i s given by (J) = tan ^ (^) . 
Now consider the world l i n e of a tachyon which passes 0. 
The angle w i t h the x-axis, , must be less than 45° f o r i t s 
v e l o c i t y t o be greater than c i n the unprimed frame. To an observer 
i n the primed frame, the s i t u a t i o n w i l l be d i f f e r e n t . I f 
4 5 ° > o o $ then nothing out o f the o r d i n a r y i s observed. However 
i f 0<ot<c|> the p a r t i c l e w i l l appear t o be going back i n time t o 
2 
0' . This paradox w i l l occur when the c o n d i t i o n vco>c i s s a t i s f i e d . 
This i s , apparently, an untenable s t a t e o f a f f a i r s . B i l a n i u k 
and Sudarshan. have noted t h a t t h i s time r e v e r s a l also occurs at 
the p o i n t where the energy o f the p a r t i c l e becomes negative. 
Using t h i s they produced a p r i n c i p l e which allowed a c o n s i s t e n t 
theory o f tachyons t o be developed. This i s known as the Reinterp-
r e t a t i o n P r i n c i p l e (RIP) and states t h a t a negative energy p a r t i c l e 
which i s observed f i r s t and l a t e r e mitted i s eq u i v a l e n t t o a 
p o s i t i v e energy p a r t i c l e which i s absorbed a f t e r emission ( a 
normal s i t u a t i o n ) . Although two observers w i l l now disagree about 
the d i r e c t i o n of t r a v e l , the laws of physics remain the same and 
t h i s i s a l l t h a t i s r e q u i r e d by s p e c i a l r e l a t i v i t y . The idea of 
the RIP i s s i m i l a r t o the idea of a n t i - p a r t i c l e s and the 
Stuckelberg-Feynman i n t e r p r e t a t i o n of p o s i t r o n s as negative energy 
electrons running backwards i n time (Feynman, 1949). 
3.1.6 Tolman's Paradox 
More s u b t l e arguments against tachyons are based on the 
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p o s s i b i l i t y of f a s t e r - t h a n - l i g h t communications. Most modern 
arguments are developments of the paradox of Tolman (1917). 
Consider two observers, P i n frame S and Q i n frame S' (as 
shown i n f i g u r e 3.3). P sends a superluminal s i g n a l t o Q. I t can 
be seen t h a t i t i s possible f o r Q t o send a superluminal s i g n a l 
t o P which a r r i v e s before P had sent out the o r i g i n a l s i g n a l , 
r e s u l t i n g i n an apparent paradox. Again the paradox can be 
resolved by the use of the RIP. The i n t e r p r e t a t i o n which can now 
be given t o the s i t u a t i o n i s t h a t both observers b e l i e v e t h a t they 
are sending both s i g n a l s and, as a r e s u l t , there i s no flow of 
i n f o r m a t i o n . 
3.1.7 Basic Tachyon Kinematics 
I f we take equation 3.1 we can p l o t energy as a f u n c t i o n 
of ^ ((•?) as shown i n f i g u r e 3.4. T-a-rdyons can be seen t o e x i s t 
o n l y w i t h i n the bounds of -1<(£<+1 i r r e s p e c t i v e of the amount of 
energy supplied. The minimum energy occurs when the p a r t i c l e i s 
at r e s t and t h i s energy i s j u s t the r e s t mass. 
I n c o n t r a s t , i f we provide energy t o a tachyon i t w i l l slow 
down t o c (but never reach t h i s v e l o c i t y ) . Moreover the minimum 
energy f o r a tachyon w i l l be zero when i t s v e l o c i t y i s i n f i n i t e . 
This has l e d t o the suggestion t h a t i f e l e c t r i c a l l y charged 
tachyons e x i s t which spontaneously loose energy by r a d i a t i o n , a 
sea of transcendental ( i e . w i t h i n f i n i t e v e l o c i t y ) t a c h y o n s ' w i l l 
r e s u l t . A transcendental tachyon w i l l have the property of e x i s t i n g 
everywhere on i t s world l i n e a t any p o i n t i n time. This leads t o 
another i n t e r e s t i n g l i n k w i t h subluminal physics. I n the l a t t e r 
we have the quantum mechanical s i t u a t i o n of t o t a l u n c e r t a i n t y o f 
p o s i t i o n when a p a r t i c l e i s brought t o r e s t . For a tachyon the 
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FIGURE 3.4 R e l a t i v i s t i c e n e r g y v e r s u s v e l o c i t y 
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The momentum, as a f u n c t i o n o f ^ , i s p l o t t e d i n f i g u r e 
3.5. H e r e , i t can be seen t h a t , t h e momentum o f a t r a n s c e n d e n t a l 
t a c h v o n i s f i n i t e and e q u a l t o rn c, comoared t o z e r o momentum 
f o r a "fea^dyon. 
3.2 FURTHER PROPERTIES 
3.2.1 I n t r o d u c t i o n 
I f t a c h y o n s a r e shown t o e x i s t t h e n t h e above b a s i c p r o p -
e r t i e s , i n most p h y s i c i s t ' s e y e s , a r e l i k e l y t o h o l d . However 
f u r t h e r p r o p e r t i e s a r e much more c o n t e n t i o u s . The l a c k o f p r o g r e s s 
i n s e a r c h e s f o r t a c h y o n s and a c t i v i t y i n o t h e r b r a n c h e s o f 
t h e o r e t i c a l p h y s i c s has meant t h a t l i t t l e w o r k has been done i n 
t h e d e v e l o p m e n t o f a c o n s i s t e n t t h e o r y o f t a c h y o n s i n G e n e r a l 
R e l a t i v i t y a nd Quantum T h e o r y . The m a i n c o n t r i b u t i o n s h a v e been 
due t o F e i n b e r g (1967) and Recami and M i g n a n i ( 1 9 7 4 ) . The l a t t e r 
h a v e p r o d u c e d many p a p e r s on a l l a s p e c t s o f t a c h y o n t h e o r y and 
a r e , p e r h a p s , t h e mo s t v i g o r o u s p r o p o n e n t s o f t a c h y o n s . O t h e r 
c o n t r i b u t o r s h a v e , i n g e n e r a l , c o n c e r n e d t h e m s e l v e s w i t h o n l y 
l i m i t e d t o p i c s , p r i m a r i l y r e l a t e d t o t h e q u e s t i o n o f t h e e x i s t -
e nce o f s u p e r l u m i n a l p a r t i c l e s . T h e r e a r e b a s i c a l l y t w o t r a i n s 
o f t h o u g h t . These a r e t h a t t a c h y o n s a r e t h e same as o r d i n a r y 
p a r t i c l e s ( e x c e p t f o r t h e i r v e l o c i t y ) and t h a t t a c h y o n s a r e 
f u n d a m e n t a l l y d i f f e r e n t f r o m o r d i n a r y p a r t i c l e s . 
B ecause o f t h e l i m i t e d amount o f w o r k done a n d t h e l a c k 
o f a c o n s e n s u s on a d v a n c e d t h e o r i e s , I w i l l o n l y d i s c u s s c e r t a i n 
t o p i c s , c o n c e n t r a t i n g on t h o s e w h i c h d i r e c t l y a f f e c t t h e a b i l i t y 
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FIGURE 3.5 : R e l a t i v i s t i c momentum v e r s u s v e l o c i t y 
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3.2.2 S u p e r l u m i n a l Frames o f R e f e r e n c e and E x t e n d e d 
R e l a t i v i t y 
M i g n a n i and Recami h a v e d e v e l o p e d s p e c i a l r e l a t i v i t y (SR) 
t o i n c l u d e t a c h y o n s . T h i s s o - c a l l e d e x t e n d e d r e l a t i v i t y (ER) 
i n c l u d e s an e x t r a , t h i r d , p o s t u l a t e . ' N e g a t i v e - e n e r g y o b j e c t s 
o r p a r t i c l e s , t r a v e l l i n g f o r w a r d i n t i m e , do n o t e x i s t ( a n d 
p h y s i c a l s i g n a l s a r e c a r r i e d o n l y b y o b j e c t s t h a t a p p e a r t o c a r r y 
p o s i t i v e e n e r g y ) ' . T h i s i s , i n e f f e c t , e q u i v a l e n t t o t h e RIP. 
From t h e s e p o s t u l a t e s t h e y d e r i v e a r e v i s e d SR. A l s o f r o m t h i s 
t h i r d p o s t u l a t e , t h e e x i s t e n c e o f a n t i - p a r t i c l e s can be i n f e r r e d . 
A p p l i c a t i o n o f t h e RIP w i l l y i e l d t h e a n t i - p a r t i c l e s e x c e p t f o r 
t h e h e l i c i t y w h i c h i s o b t a i n e d f r o m a p p l i c a t i o n o f t h e c o m p l e t e 
LT. I f we w i s h t o i n c l u d e t a c h y o n s i n SR, s u p e r l u m i n a l LTs (SLT) 
m ust be d e r i v e d , as n o r m a l , s u b l u m i n a l , LTs a r e i n a d e q u a t e . 
M i g n a n i and Recami have c o m b i n e d LTs and SLTs t o f o r m t h e g e n e r a l -
i s e d LTs (GLT). From t h e t h r e e p o s t u l a t e s i t c a n be seen t h a t a 
t a c h y o n i n a s u b l u m i n a l f r a m e i s e q u i v a l e n t t o a b r a d y o n i n a 
s u p e r l u m i n a l f r a m e and v i c e - v e r s a . A l s o a l u x o n i s t h e same i n 
e i t h e r f r a m e . 
3.2.3 Quantum F i e l d T h e o r y 
Much e f f o r t has b een e x p e n d e d i n t r y i n g t o p l a c e t a c h y o n s 
i n t h e f r a m e w o r k o f a q u a n t u m f i e l d t h e o r y (QFT). However a 
r e a s o n a b l e t h e o r y has n o t y e t b een f o r m u l a t e d . 
3.2.3.1 F e i n b e r g ( 1967,1978) 
F e i n b e r g i n v e s t i g a t e d a QFT o f n o n - i n t e r a c t i n g , s p i n l e s s , 
t a c h y o n s b y c o n s i d e r i n g t h e K l e i n - G o r d o n e q u a t i o n w i t h v i r t u a l 
mass ( m = i u ) . F o r i t s s o l u t i o n s t o r e p r e s e n t p a r t i c l e s w i t h r e a l 
e n e r g y , a r e s t r i c t i o n t h a t |k|<u has t o be i m p o s e d and t h e 
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i m p l i c a t i o n o f t h i s i s t h a t t a c h y o n s c a n n o t be l o c a l i s e d i n 
sp a c e , r e s u l t i n g i n d i f f i c u l t i e s i n d e s c r i b i n g p r o p a g a t i o n and 
t h u s v e l o c i t y becomes a l o o s e l y d e f i n e d p a r a m e t e r . A n n i h i l a t i o n 
and c r e a t i o n o p e r a t o r s a r e d e f i n e d and a LT c h a n g e s f r o m one t o 
t h e o t h e r , t h u s d e s c r i b i n g t h e i n t e r c h a n g i n g r o l e s o f e m i s s i o n 
and a b s o r p t i o n i m p l i e d by t h e RIP. S u b j e c t i n g t h e c o m m u t a t i o n 
r e l a t i o n s o f t h e s e o p e r a t o r s t o LTs p r o d u c e s t h e r e s u l t t h a t 
t a c h y o n s must be f e r m i o n s . 
The number o f t a c h y o n s i n a g i v e n r e f e r e n c e f r a m e i s 
d e t e r m i n e d f r o m a c o n s e r v e d c u r r e n t w h i c h i s f o u n d t o e x i s t . 
P a r t i c l e s t a t e s c a n t h e n be d e t e r m i n e d f r o m t h e a c t i o n o f c r e a t i o n 
and a n n i h i l a t i o n o p e r a t o r s and an i n f e r r e d vacuum s t a t e . However 
t h i s vacuum s t a t e i s n o t L o r e n t z i n v a r i a n t and c o r r e s p o n d s t o 
c a u s a l a n o m a l i e s w h i c h c a n be r e i n t e r p r e t e d . 
He a l s o c o n s i d e r s t h e p r o d u c t i o n and s c a t t e r i n g p r o c e s s e s 
o f t a c h y o n s and p r o d u c e s s e l e c t i o n r u l e s on t h e b a s i s o f e n e r g y 
and momentum c o n s e r v a t i o n . He c o n c l u d e s t h a t , 
( i ) any s y s t e m o f n o r m a l p a r t i c l e s i s e n e r g e t i c a l l y u n s t a b l e 
a g a i n s t e m i s s i o n o f t a c h y o n s . 
( i i ) t a c h y o n s c a n e m i t m a s s l e s s p a r t i c l e s ( e g . p h o t o n s and 
n e u t r i n o s ) w i t h o u t c h a n g i n g t h e i r own mass. Thus he a l l o w s 
t h e e m i s s i o n o f C e r e n k o v r a d i a t i o n b y t a c h y o n s i n f r e e s p a c e . 
( i i i ) s i n g l e t a c h y o n s c an d e c a y i n t o s e v e r a l t a c h y o n s w i t h t h e 
2 . 
same u so t h a t i f t h e s e l f - i n t e r a c t i o n i s v e r y weak t h e r e 
w i l l be a r a p i d d e g r a d a t i o n o f t h e e n e r g y s p e c t r u m . 
3.2.3.2 A a r o n s and S u d a r s h a n ( 1 9 6 8 ) , Dhar and S u d a r s h a n (19f,H) 
The t h e o r y o f F e i n b e r g was c r i t i s i s e d f o r b e i n g i n c o m p a t i b l e 
w i t h L o r e n t z i n v a r i a n c e so a d i f f e r e n t f o r m o f q u a n t i s a t i o n i s 
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u s e d . T h i s i n v o l v e d w r i t i n g t h e s c a l a r f i e l d i n t e r m s o f t h e 
a n n i h i l a t i o n o p e r a t o r s o n l y . Thus a n t i - c o m m u t a t i o n r u l e s a r e 
n o t n e c e s s a r y f o r q u a n t i s a t i o n and t a c h y o n s obey Bose s t a t i s t i c s . 
However one r e s u l t i s t h a t n e g a t i v e e n e r g y s t a t e s can be c r e a t e d 
so t h a t a p h y s i c a l p o s t u l a t e i s r e q u i r e d t o d e a l w i t h t h e s e . I t 
i s g i v e n as ' t h e o n l y p h y s i c a l l y r e l e v a n t q u a n t i t i e s a r e t h e 
t r a n s i t i o n a m p l i t u d e s . Any t r a n s i t i o n a m p l i t u d e i s t o be i n t e r p -
r e t e d as t h e a m p l i t u d e f o r t r a n s i t i o n b e t w e e n p o s i t i v e - e n e r g y 
p a r t i c l e s w h e r e a l l n e g a t i v e - e n e r g y p a r t i c l e s ( o f momentum p) 
i n t h e i n i t i a l s t a t e a r e i n t e r p r e t e d as o u t g o i n g p o s i t i v e - e n e r g y 
p a r t i c l e s ( o f momentum - p ) ? s i m i l a r l y f o r n e g a t i v e - e n e r g y p a r t i c l e s 
i n t h e f i n a l s t a t e ' . T h i s i s j u s t t h e RIP i n a n o t h e r f o r m . 
3.2.3.3 R o b i n e t t (1978) 
S o l u t i o n s o f t h e K l e i n - G o r d o n e q u a t i o n s w i t h i m a g i n a r y mass 
h a v e b e e n i n v e s t i g a t e d . He f o u n d s o l u t i o n s w h i c h show t h a t t h e 
i m a g i n a r y mass K l e i n - G o r d o n f i e l d p r o p a g a t e s a t no f a s t e r t h a n 
t h e s p e e d o f l i g h t and t h u s c o n c l u d e s t h a t t h i s i s an i n c o r r e c t 
b a s i s f o r t h e d e s c r i p t i o n o f a t a c h y o n , i f s u c h a p a r t i c l e e x i s t s . 
3.2.3.4 S c h w a r t z (1982) 
I t i s s u g g e s t e d t h a t F e i n b e r g , and o t h e r s , were w r o n g i n 
u s i n g t h e c o n s e r v a t i o n o f four-momentum as t h e b a s i s o f a QFT 
f o r t a c h y o n s . I n s t e a d he c o n s i d e r s t h e s t r e s s - e n e r g y - m o m e n t u m 
t e n s o r w h i c h i s d i f f e r e n t i a l l y c o n s e r v e d . The four-momentum can 
t h e n be d e r i v e d f r o m t h i s . T h i s l e a d s t o a d i f f e r e n t q u a n t i s a t i o n 
o f t h e f i e l d t h e o r y w h i c h does n o t r e q u i r e n e g a t i v e - e n e r g y s t a t e s 
o r t h e RIP. 
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3.2.4 P r e f e r r e d D i r e c t i o n T h e o r i e s 
I n o r d e r t o overcome d i f f i c u l t i e s i n v o l v e d i n t h e i n t e r p -
r e t a t i o n o f i m a g i n a r y q u a n t i t i e s and a c a u s a l i t y , s e v e r a l a u t h o r s 
h a v e d i s c u s s e d t h e i d e a o f a p r e f e r r e d d i r e c t i o n . A n t i p p a ( 1 9 7 2 ) , 
A n t i p p a and E v e r e t t ( 1 9 7 1 , 1973) add, t o t h e p o s t u l a t e s g i v e n b y 
Recami and M i g n a n i , one w h i c h s t a t e s t h a t ' t h e t i m e a x i s i s u n i -
d i r e c t i o n a l w i t h r e s p e c t t o b r a d y o n s b u t i s o t r o p i c w i t h r e s p e c t 
t o t a c h y o n s . The s p a c e d i r e c t i o n i s u n i d i r e c t i o n a l w i t h r e s p e c t 
t o t a c h y o n s b u t i s o t r o p i c w i t h r e s p e c t t o b r a d y o n s 1 . T h i s removes 
t h e L o r e n t z i n v a r i a n c e p r o b l e m as o n l y t a c h y o n s w i t h p o s i t i v e o r 
n e g a t i v e momenta need e x i s t . F o r t a c h y o n s i n a p r e f e r r e d r e f e r e n c e 
f r a m e , i e . h a v i n g r e l a t i v e v e l o c i t y a l o n g t h e p r e f e r r e d d i r e c t i o n 
Thus a t r a n s f o r m c o n s i s t s o f g e n e r a l f r a m e t o p r e f e r r e d f r a m e 
v i a a LT, p r e f e r r e d f r a m e t o p r e f e r r e d f r a m e w i t h r e l a t i v e m o t i o n 
v i a a GLT and f i n a l l y t o t h e new g e n e r a l f r a m e v i a a LT. A n o t h e r 
c o n s e q u e n c e o f t h e p r e f e r r e d d i r e c t i o n i s t h a t c a u s a l l o o p s a r e 
removed s i n c e t h e w o r l d l i n e o f a t a c h y o n a l w a y s i n c r e a s e s and 
t h e R IP i s , t h e r e f o r e , n o t r e q u i r e d . T h e r e a r e t h r e e e x p e r i m e n t a l 
c o n s e q u e n c e s , 
( i ) F l u x w i l l be u n i d i r e c t i o n a l and hence d e t e c t o r o r i e n t a t i o n 
i s i m p o r t a n t . 
( i i ) GLTs o n l y o p e r a t e i n t h e p r e f e r r e d f r a m e , so e l e c t r o m a g n e t i c 
f i e l d s n e e d n o t p r o p a g a t e a t c when o b s e r v e d f r o m a n o t h e r 
f r a m e . T h e r e f o r e M a x w e l l ' s e q u a t i o n s a r e n o t o b e y e d and 
n o t h i n g c an be i m p l i e d a b o u t t h e t a c h y o n - f i e l d c o u p l i n g . 
( i i i ) The v i o l a t i o n o f r o t a t i o n a l i n v a r i a n c e l e a d s t o d i r e c t i o n a l i t y . 
3.2.5 L o r e n t z I n v a r i a n c e 
Many a t t e m p t s have b e e n made t o s o l v e t h e p r o b l e m s o f 
( t h e t a c h y o n c o r r i d o r ) , 1 t h e GLTs h o l d w i t h C u b s t i t u t e d f o r g 
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L o r e n t z I n v a r i a n c e ( L i ) v i o l a t i o n . P a v l o p u l u s (1967) p r o p o s e d 
t h a t L I i s o n l y a p p r o x i m a t e and v a l i d i n r e g i o n s o f space a c c e s s -
i b l e t o e x p e r i m e n t . These r e g i o n s a r e c h a r a c t e r i s e d by a u n i v e r s a l 
l e n g t h w h i c h i s i n t h e same o r d e r as t h e d i a m e t e r o f a p r o t o n . 
He c o n c l u d e s t h a t , f o r v e r y s h o r t w a v e l e n g t h s , t h e g r o u p v e l o c i t y 
o f an e l e c t r o m a g n e t i c wave c a n e x c e e d c. C o n s e q u e n t l y t a c h y o n s c a n 
o n l y e x i s t ^ 1 0 "^m away f r o m a b r a d y o n and t h u s o n l y t a k e p a r t 
i n s t r o n g i n t e r a c t i o n s b e t w e e n b r a d y o n s c o n f i n e d t o s u c h r e g i o n s . 
B r o i d o and T a y l o r (1968) i n v e s t i g a t e w h e t h e r L I n e c e s s a r i l y 
i m p l i e s c a u s a l i t y . They show t h a t n o n - c a u s a l e f f e c t s a r e i m p o s s i b l e 
i n a l a r g e c l a s s o f t h e o r i e s w h i c h i n v o l v e L o r e n t z i n v a r i a n t 
G reen's f u n c t i o n s and c o n c l u d e t h a t t h e r e a r e many d i f f i c u l t i e s 
i n t a c h y o n t h e o r i e s w h i c h a s p i r e t o r e l a t i v i s t i c i n v a r i a n c e . 
3.2.6 E l e c t r o m a g n e t i c P r o p e r t i e s 
T h i s i s an i m p o r t a n t a r e a f o r i n v e s t i g a t i o n b e c a u s e o f 
i t s i m p l i c a t i o n f o r d e t e c t i o n o f t a c h y o n s . Recami and M i g n a n i ( 1 9 7 4 ) , 
i n t h e i r r e v i e w , a p p l y t h e i r GLTs t o M a x w e l l ' s e q u a t i o n s i n o r d e r 
t o d e s c r i b e t h e e l e c t r o m a g n e t i c p r o p e r t i e s o f t a c h y o n s as v i e w e d 
f r o m s u b l u m i n a l f r a m e s o f r e f e r e n c e . I t i s n o t e d t h a t t h e RIP i s 
r e q u i r e d t o remove a n o m a l i e s and t h a t i t has t h e e f f e c t o f 
c h a n g i n g t h e s i g n o f t h e c h a r g e o f any p a r t i c l e w h i c h i s ' r e i n t -
e r p r e t e d ' . L o o k i n g f r o m a s u b l u m i n a l f r a m e a t a t a c h y o n , r e q u i r e s 
t h e c o m p o n ents o f t h e f o u r - v e c t o r s t o be m u l t i p l i e d b y i and i t 
i s n o t e d t h a t t h i s i s e q u i v a l e n t t o r o t a t i n g t h e M i n k o w s k i s p a c e -
t i m e d i a g r a m t h r o u g h ^. They c o n c l u d e t h a t e l e c t r o m a g n e t i c f i e l d s 
a r e c h a n g e d i n s u c h a way t h a t c h a r g e d t a c h y o n s w o u l d a p p e a r as 
m a g n e t i c m o n o p o l e s . 
Lemke (1975, 1976a, b) u s e d t h e SLTs o f A n t i p p a and E v e r e t t 
t o d e r i v e t h e e l e c t r o d y n a m i c s o f t a c h y o n s . He had t w o c r i t i s i s m s 
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o f Recami and M i g n a n i ' s w o r k , 
( i ) t h e t r a n s f o r m a t i o n o f t h e e l e c t r o m a g n e t i c p o t e n t i a l l e a d s 
t o t h e i m p l i c a t i o n t h a t t a c h y o n s p r o d u c e C e r e n k o v r a d i a t i o n , 
w h i c h c o n t r a d i c t s t h e i r p r e d i c t i o n . 
( i i ) t h i s a l s o i m p l i e s t h a t a t a c h y o n p r o d u c e s i n f i n i t e r a d i a t i o n 
e n e r g y and h e n c e must i m m e d i a t e l y l o s e a l l i t s e n e r g y . 
He assumes t h e l a w o f l i g h t s p e e d i n v a r i a n c e i s n o t v a l i d i n i t s 
m ost g e n e r a l f o r m and s pace i s i s o t r o p i c . He t h e r e f o r e does n o t 
i m p l y t h e e x i s t e n c e o f a t a c h y o n c o r r i d o r b u t he u s e s a p r e f e r r e d 
d i r e c t i o n a l o n g t h e i n s t a n t a n e o u s d i r e c t i o n o f m o t i o n o f t h e 
t a c h y o n . Though he o b t a i n s GLTs s i m i l a r t o t h o s e o f Recami and 
M i g n a n i , he c h o s e s d i f f e r e n t s o l u t i o n s o f M a x w e l l ' s e q u a t i o n s . 
D e s p i t e t h i s , h i s c o n c l u s i o n s a r e s i m i l a r and h i s r e s u l t s a g r e e 
w i t h t h e m a g n e t i c m o n o p o l e t h e o r y . 
M a r c h i l d o n e t a l (1979) d i s c u s s e l e c t r o m a g n e t i c i n t e r a c t i o n s 
on t h e b a s i s o f t a c h y o n - b r a d y o n r e c i p r o c i t y . They c l a i m t h a t 
Lemke's p r e f e r r e d d i r e c t i o n a r g u m e n t i s i n c o n s i s t e n t . However t h e i r 
f o r m u l a t i o n p r o d u c e s t h e same r e s u l t s b u t d i s a g r e e w i t h h i s 
i n t e r p r e t a t i o n s i n c e he f a i l s t o t a k e i n t o a c c o u n t t h a t t h e s u p e r -
l u m i n a l f i e l d d o e s n ' t s a t i s f y M a x w e l l ' s e q u a t i o n s , so t h a t i t 
c a n n o t be i d e n t i f i e d w i t h t h e o r d i n a r y , s u b l u r n i n a l , f i e l d , n o r 
c a n i t s c o u p l i n g t o b r a d y o n s be i d e n t i f i e d w i t h t h e u n i t o f 
e l e c t r i c c h a r g e . They i n v e s t i g a t e s u p e r l u m i n a l e l e c t r o m a g n e t i c 
f i e l d s , d e r i v e M a x w e l l ' s e q u a t i o n s and s u g g e s t t h e e l e c t r o -
m a g n e t i c i n t e r a c t i o n s o f t a c h y o n s . A c o n s e q u e n c e o f t h i s i s t h a t 
t h e y f i n d t h a t C e r e n k o v r a d i a t i o n s h o u l d n o t be e m i t t e d u n l e s s 
t h e r e i s an e f f e c t i v e c o u p l i n g o f t a c h y o n s t o t h e s u b l u m i n a l 
e l e c t r o m a g n e t i c f i e l d . I n t h e i r t h e o r y t h i s must be v e r y weak -ind 
t h e r a d i a t i o n w o u l d be v e r y much l e s s t h a n t h a t e x p e c t e d f o r a 
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c h a r g e d p a r t i c l e o f c h a r g e e and v e l o c i t y g r e a t e r t h a n c, as 
assumed i n s e a r c h e s f o r t a c h y o n s . They a l s o s u g g e s t t h a t t a c h y o n s 
can o n l y c o u p l e v e r y w e a k l y t o b r a d y o n s as i n s u b l u m i n a l r e f e r e n c e 
f r a m e s , s u p e r l u m i n a l e l e c t r o m a g n e t i c f i e l d s o b e y e q u a t i o n s d i f f e r e n t 
t o M a x w e l l s ' and a r e n o t i n v a r i a n t . F i n a l l y t h e y f i n d t h a t t h e 
e l e c t r o m a g n e t i c b e h a v i o u r i s n o t e x a c t l y a n a l a g o u s t o t h a t o f 
e l e c t r i c c h a r g e s o r m a g n e t i c p o l e s . I t i s , l o o s e l y s p e a k i n g , more 
l i k e t h a t o f an e l e c t r i c c h a r g e . 
3.2.7 C e r e n k o v R a d i a t i o n 
As w i l l be m e n t i o n e d i n §3.3, t h e q u e s t i o n o f w h e t h e r 
C e r e n k o v r a d i a t i o n i s e m i t t e d b y a t a c h y o n t r a v e l l i n g i n a vacuum 
i s f u n d a m e n t a l t o i t s d e t e c t i o n . As has been seen f r o m t h e p r e v i o u s 
s e c t i o n s , i t i s s t i l l v e r y much an open q u e s t i o n as t o w h e t h e r 
t h e q u a n t u m t h e o r i e s o f t a c h y o n s a l l o w t h e r a d i a t i o n , e i t h e r i n 
a vacuum o r i n a medium. However i t i s n o t e d t h a t t h e r a d i a t i o n 
i s p r o d u c e d b y t h e r e l a x a t i o n o f a medium w h i c h has been p o l a r i s e d 
b y t h e t r a n s v e r s e component o f t h e p a r t i c l e ' s e l e c t r i c f i e l d . One 
d i f f i c u l t y i s t h a t i f , as has b e e n s u g g e s t e d , t h e e l e c t r i c f i e l d 
i s p r o d u c e d i n a n a r r o w cone a l o n g t h e d i r e c t i o n o f m o t i o n , t h e n 
a v e r y h i g h d e n s i t y medium i s r e q u i r e d w h i c h w o u l d t h e n p r o v i d e 
h i g h a b s o r p t i o n f o r any r a d i a t i o n p r o d u c e d . A n o t h e r d i f f i c u l t y 
i s t h a t f o r t h e r a d i a t i o n t o be p r o d u c e d i n vacuum, t h e vacuum 
must be p o l a r i s e d . T h i s r e q u i r e s a vacuum s t r u c t u r e w h i c h , 
t h o u g h a p p l i c a b l e i n q u a n t u m m e c h a n i c s , does n o t c o r r e s p o n d t o 
a r e a l , p h y s i c a l , vacuum. Thus i t i s c o n c l u d e d t h a t t a c h y o n s do 
n o t e m i t C e r e n k o v r a d i a t i o n i n any s i t u a t i o n . 
3.2.8 O t h e r A p p r o a c h e s t o T a c h y o n s 
Many p a p e r s h a v e been p u b l i s h e d w h i c h d i v e r g e f r o m t h e 
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1 m a i n s t r e a m ' t h e o r i e s , i n t h e m a i n s t i m u l a t e d b y t h o s e t r y i n g 
t o d i s p o s e o f t a c h y o n s once and f o r a l l . However t h e most 
i n t e r e s t i n g a r e due t o t h o s e who b e l i e v e i n t h e t a c h y o n ' s e x i s t -
ence and h ave p r o d u c e d more o r i g i n a l t h e o r i e s t o s u p p o r t t h e i r 
b e l i e f . 
3.2.8.1 Bludman and Ruderman (1968) 
The c l a s s i c a l p h y s i c s o f v e r y dense m a t t e r was i n v e s t i g a t e d , 
e s p e c i a l l y t h e c a s e w h e r e t h e medium becomes ' u l t r a b a r i c ' . T h i s 
o c c u r s when t h e p r e s s u r e e x c e e d s t h e t o t a l e n e r g y d e n s i t y , a t 
w h i c h p o i n t a c o m p r e s s i o n a l wave i n t h e medium w i l l p r o p a g a t e 
a t a v e l o c i t y e x c e e d i n g c, w h i c h i s u s u a l l y g i v e n as a r e a s o n 
f o r i g n o r i n g t h i s s t a t e . They d i s c u s s two m o d e l s w h i c h show t h i s 
b e h a v i o u r and s u g g e s t a l i n k w i t h q u a s a r s , t h e r e d s h i f t s o f 
w h i c h c l u s t e r a r o u n d 1.95. They c a l c u l a t e l i m i t i n g g r a v i t a t i o n a l 
r e d s h i f t s o f j u s t u n d e r 2 f o r t h e i r m o d e l s . 
3.2.8.2 G o l d o n i ( 1 9 7 2 , 1973) 
I t i s p o i n t e d o u t t h a t , a c c o r d i n g t o Recami and M i g n a n i , 
t h e four-momentum o f a s u b l u m i n a l p a r t i c l e i s n o t i n v a r i a n t u n d e r 
SLT. Hence t w o o r more b o d y i n t e r a c t i o n s b e t w e e n b r a d y o n s and 
t a c h y o n s c a n o n l y i n v o l v e e x c h a n g e s b e t w e e n t h o s e s t a t e v e c t o r s 
w h i c h a r e i n v a r i a n t u n d e r SLT, i e . t h e y can o n l y i n t e r a c t b y 
c hanges i n i n t e r n a l q u a ntum numbers, eg. s t r a n g e n e s s . By demand-
i n g i n v a r i a n c e u n d e r SLT, t h e i n t r o d u c t i o n o f t a c h y o n s can o n l y 
be j u s t i f i e d i f we h y p o t h e s i s e s u i t a b l e i n t e r a c t i o n s b e t w e e n 
t a c h y o n s and b r a d y o n s w h i c h a l l o w one t o i n t e r p r e t t h e b r e a k d o w n 
o f ' s l o w ' s y m m e t r i e s as a p r o c e s s i n w h i c h some q u a n t u m numbers 
a r e e x c h a n g e d b e t w e e n t h e s l o w and f a s t w o r l d s . He shows t h a t a 
b r a d y o n f i e l d and a t a c h y o n f i e l d c an o n l y i n t e r a c t i f m a s s l e s s 
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and deduces the existence o f two rnassless p a r t i c l e s - the 'slow' 
spurion and 1 f a s t 1 tadpole - which are associated on a Feynman 
graph of mass less f i e l d i n t e r a c t i o n s . 
3.2.8.3 E v e r e t t (1976) 
He proposed an a l t e r n a t i v e , t o s p e c i a l r e l a t i v i t y , w i t h 
p r e f e r r e d reference frames and d e v i a t i o n s from LTs. For v e l o c i t i e s 
close t o c there are departures from r e l a t i v i s t i c physics. The 
dependence of mass and l i f e t i m e on v e l o c i t y i s determined and, 
i n p r i n c i p l e , a c c e l e r a t i o n past c i s allowed. 
3.2.8.4 N a r l i k a r and Sudarshan (1976) 
The propagation of tachyons i n an expanding universe i s 
discussed. A p r i m o r d i a l tachyon, produced i n the 'big-bang', 
would need a very l a r g e energy t o su r v i v e . I n an i n d e f i n a t e l y 
expanding universe the t r a j e c t o r y w i l l t u r n back i n time and a 
mass l i m i t can then be set on the tachyon on the basis of i t s 
s u r v i v a l ( — 1.8 1 0 - 1 1 f o r the E i n s t e i n - d e S i t t e r model and me 
— < 1 . 6 10 f o r the empty Friedmann model). I t i s suggested m e 
t h a t photons and neutrinos are tachyonic. F i n a l l y the existence 
of tachyons may remove the space-time s i n g u l a r i t y of the 'big-
bang' and provide a mechanism f o r homogenising the universe over 
large distances. 
This area was f u r t h e r i n v e s t i g a t e d by Walstad ( 1 9 7 9 ) . He 
chooses a p r e f e r r e d frame i n which the microwave background and 
expansion appear i s o t r o p i c . Together w i t h the requirement t h a t 
the cosmological model i s completely causal, a p r e f e r r e d frame 
can be produced i n general r e l a t i v i t y . I n a d d i t i o n t o the 
conclusions drawn by N a r l i k a r he suggests t h n t t?.ichyons might 
e x p l a i n the 'missing mass' r e q u i r e d t o close the universe. 
However such paradoxes remain. 
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3.2.8.5 K o w a l c z y n s k i ( 1 9 7 8 , 1979) 
S o l u t i o n s o f t h e E i n s t e i n - M a x w e l l e q u a t i o n s o f g e n e r a l 
r e l a t i v i t y , f o r a t a c h y o n a r e s t u d i e d . He shows t h a t a m o v i n g 
t a c h y o n w o u l d p r o d u c e e l e c t r o m a g n e t i c Shockwave s u r f a c e s which 
c o u l d be d e t e c t e d b y i t s e f f e c t on p h o t o n s . The shapes o f t h e s e 
s u r f a c e s a r e c o n s i d e r e d and i t i s s u g g e s t e d t h a t , i f t h e y a r e 
s t r o n g e nough t o b l a c k e n t h e g r a i n s o f n u c l e a r e m u l s i o n , t h e 
shape c o u l d be u s e d as a t a c h y o n s i g n a t u r e . He c o n c l u d e s t h a t 
e x i s t i n g e x p o s u r e s s h o u l d be e x a m i n e d f o r s u c h s u r f a c e s . 
3.2.8.6 Basano (1980) 
He s u g g e s t s t h a t , w h i l e t h e RIP may be a p p l i c a b l e a t t h e 
m i c r o s c o p i c l e v e l , i t does n o t a p p l y a t t h e m a c r o s c o p i c l e v e l . 
The t r a n s i t i o n b e t w e e n t h e t w o i s i n v e s t i g a t e d s t a t i s t i c a l l y b y 
u s i n g m u l t i p l e c a u s a l l o o p s . He a l s o s u g g e s t s t h a t t h e RIP f a i l s 
and s y m m e t r y v i o l a t i o n s o c c u r when f r e e w i l l i s t a k e n i n t o a c c o u n t . 
I n r e p l y M a c c a r r o n e and Recami (1980) p o i n t o u t t h a t t h i s 
f r e e w i l l a r g u m e n t i s i n c o r r e c t b u t a g r e e i n p a r t w i t h t h e s t a t -
i s t i c a l a r g u m e n t . They c o n c l u d e t h a t f u r t h e r w o r k i n t h i s a r e a 
i s r e q u i r e d . 
3.2.8.7 S a n t i l l i ( 1982) 
The p r o p a g a t i o n o f o r d i n a r y , m a s s i v e , p a r t i c l e s o r p h y s i c a l 
s i g n a l s u n d e r s t r o n g and e l e c t r o m a g n e t i c i n t e r a c t i o n s i s c o n s i d -
e r e d . He s t a t e s t h a t v - c i s n o t ' u n i v e r s a l 1 , i e . n o t v a l i d 
max 
u n d e r a l l p o s s i b l e p h y s i c a l c o n d i t i o n s o f p a r t i c l e s , e g . u n d e r 
s t r o n g i n t e r a c t i o n s as a member o f a n u c l e a r s t r u c t u r e ; e n t e r i n g 
i n t o deep i n e l a s t i c c o l l i s i o n s w i t h o t h e r h a d r o n s ; m o v i n g w i t h -
i n t h e c o r e o f a s t a r . A g e n e r a l i s a t i o n o f t h e v l a w d e p e n d i n g 
max c ^ 
on l o c a l q u a n t i t i e s i s p r o d u c e d and f r o m t h i s he c o n c l u d e s t h a t , 
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i n s u c h c a s e s , t a c h y o n s a r e n o r m a l 
c a n e x c e e d c. 
3.3 SEARCHES FOR TACHYONS 
3.3.1 I n t r o d u c t i o n 
G i v e n t h e above t h e o r i e s one c a n p r o c e e d on t h e b a s i s o f 
G e l l m a n ' s T o t a l i t a r i a n P r i n c i p l e : ' A n y t h i n g w h i c h i s n o t p r o h i b -
i t e d i s c o m p u l s o r y ' . The q u e s t i o n i s how t o c o n d u c t t h e s e a r c h , 
g i v e n t h a t t h e r e i s no c o n s e n s u s on t h e p r o p e r t i e s o f t a c h y o n s . 
I t i s a p p a r e n t t h a t t h e m o s t ' r e l i a b l e ' m e t h o d i s t o measure t h e 
t i m e o f f l i g h t as t h i s i s f u n d a m e n t a l t o t h e p a r t i c l e ' s d e f i n i t i o n . 
Two f u r t h e r , more c o n t e n t i o u s , methods h a v e been u s e d , t h e s e 
b e i n g o b s e r v a t i o n o f C e r e n k o v r a d i a t i o n i n a vacuum and o b s e r v a t i o n 
o f p a r t i c l e p r o d u c t i o n i n b u b b l e c h a m b e r s . The most p o p u l a r 
method, t h o u g h , h as be e n t o s e a r c h f o r t a c h y o n s p r o d u c e d by 
c o s m i c r a y i n t e r a c t i o n s i n t h e u p p e r a t m o s p h e r e . However t h e 
q u e s t i o n r e m a i n s as t o how t a c h y o n s c a n be d e t e c t e d , i f t h e y can 
be d e t e c t e d a t a l l . 
3.3.2 C e r e n k o v S e a r c h e s 
E x p e r i m e n t s o f t h i s s o r t assume t h a t a t a c h y o n w i l l e m i t 
C e r e n k o v r a d i a t i o n i n a vacuum (see § 3 . 2 . 7 ) , t h e i r v a r i a t i o n 
b e i n g i n how p o t e n t i a l t a c h y o n s a r e g e n e r a t e d . 
3.3.2.1 A l v a g e r and K r e i s l e r ( 1968) 
They u s e d a 5 mCi Caesium 134 s o u r c e t o p r o d u c e ^ - r a y s 
w i t h w h i c h i t was h o p e d t o p r o d u c e t a c h y o n p a i r s b y u s i n g a l e a d 
t a r g e t . A 3kVcm ^ f i e l d was a p p l i e d , t o r e s u p p l y e n e r g y l o s t t o 
r a d i a t i o n , a nd a p h o t o m u l t i p l i e r t u b e u s e d t o d e t e c t p h o t o n s . 
No peak i n t h e o b s e r v a b l e r a n g e o f 0 . l e t o 2e (w h e r e e i s t h e 
p h y s i c a l p a r t i c l e s and v max 
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h e i g h t o f a p u l s e due t o an e l e c t r o n ) was o b s e r v e d and an u p p e r 
l i m i t on c r o s s - s e c t i o n f o r p r o d u c t i o n b y O.BkeV p h o t o n s i n l e a d 
- 30 2 
o f 3 10 "cm was d e t e r m i n e d . Two f u r t h e r assumptions required 
w e r e t h a t t a c h y o n s gain e n e r g y i n an e l e c t r i c f i e l d as o r d i n a r y 
p a r t i c l e s a nd t h e y h ave a s m a l l p r o b a b i l i t y o f b e i n g c a p t u r e d i n 
m a t t e r . 
3.3.2.2 D a v i s e t a l (1969) 
A s i m i l a r e x p e r i m e n t t o t h a t d e s c r i b e d above was c o n d u c t e d 
b u t u s i n g a 129 mCi c o b a l t 60 s o u r c e o f e n e r g y ~1.2 MeV. Two 
p h o t o m u l t i p l i e r s w e r e u s e d and a c o i n c i d e n c e r e q u i r e d . A g a i n a 
- 2 3 2 
n e g a t i v e r e s u l t was f o u n d and an u p p e r l i m i t o f 1.67 10 cm f o r 
t h e p r o d u c t i o n c r o s s - s e c t i o n d e t e r m i n e d . 
3.3.2.3 B a r t l e t t and Lahana (1972) 
The same a p p a r a t u s as D a v i s e t a l was u s e d , b u t a m a g n e t i c 
f i e l d r e p l a c e d t h e e l e c t r i c f i e l d , on t h e s u p p o s i t i o n t h a t a 
t a c h y o n s h o u l d a c t as a m a g n e t i c monopole (§3.2.6). From t h e 
n e g a t i v e r e s u l t i t was d e t e r m i n e d t h a t t h e u p p e r l i m i t f o r t h e 
c r o s s - s e c t i o n f o r t a c h y o n p r o d u c t i o n b y 1 MeV O^-rays i n lead and 
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w a t e r w e r e 0.6 10 cm and 2 10 cm r e s p e c t i v e l y . 
3.3.2.4 B a r t l e t t , Soo and W h i t e (1978) 
I n t h i s e x p e r i m e n t t h e a s s u m p t i o n s w e r e : monopole b e h a v i o u r 
p r o d u c t i o n i n c o s m i c r a y s ? t h e y w o u l d be i n f l u e n c e d b y t h e 
m a g n e t i c f i e l d i n F e r m i l a b ' s 1 5 f t b u b b l e chamber. However, i n 
a d d i t i o n t o l o o k i n g f o r C e r e n k o v p h o t o n s u s i n g p h o t o m u l t i p l i e r s , 
t h e y h a d Lexan p l a s t i c d e t e c t o r s on t h e a s s u m p t i o n t h a t t a c h y o n s 
m i g h t p r o d u c e t r a c k s i n them. An u p p e r l i m i t on t h e t a c h y o n f l u x 
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o f 5 10 cm s was d e t e r m i n e d . 
3.3.3 B u b b l e Chamber S e a r c h e s 
3.3.3.1 B a l t a y e t a l (1970) 
N e u t r a l t a c h y o n s p r o d u c e d f r o m n e g a t i v e k a o n s and a n t i -
p r o t o n s i n t e r a c t i n g w i t h p r o t o n s i n a b u b b l e chamber were l o o k e d 
f o r , i e . r e a c t i o n s as f o l l o w s : 
- A o o - o - , o K p ^ A t p-n- t PP^ ^ t 
(3 4) 
A o o-o -,o-o - ^ r + ^ - r 0 ^ 0 K p -> A t t p r r t t pp->rr TT t t 
The s p a c e l i k e four-momentum p r o p e r t y i s u s e d . F o r s i n g l e p a r t i c l 
p r o d u c t i o n , t h e ' m i s s i n g mass' t e c h n i q u e i s e m p l o y e d , a t a c h y o n 1 
s i g n a t u r e b e i n g a n e g a t i v e m i s s i n g mass s q u a r e d . F o r t a c h y o n p a i 
t h e m i s s i n g mass s q u a r e d can be p o s i t i v e o r n e g a t i v e , w h i c h 
c a u s e s d i f f i c u l t i e s . However i t i s s e n s i t i v e f o r p a i r s w i t h mass 
g r e a t e r t h a n a minimum v a l u e . The r e s u l t i n g p r o d u c t i o n r a t e s a r e 
g i v e n as : 
K ~ p ^ A ° t Q „ 9 i n - 3 j5p-,TT+n--t° y 9 i n - 3 
K p A ° T T 0 pp-> 3TT 
(3 V 
Ao,o-o o - t ^ - i O . O 0 \ ~ > . - > t K p -> A t t 2 o 5 1 Q - 3 P P ^ ^ t t -3 
— A O O - x 
Kp-*/\.Tr p p ^ 4 - r r 
I t i s c o n c l u d e d t h a t i f t a c h y o n s e x i s t t h e n t h e y must be v e r y 
w e a k l y i n t e r a c t i n g w i t h o r d i n a r y m a t t e r . 
3.3.3.2 D a n b u r g e t a l ( 1 9 7 1 , 1972) 
The f i r s t e x p e r i m e n t was a s e a r c h f o r t a c h y o n p a i r s p r o d -
u c e d by 2.2 GeV/c K ~ p ^ A t + t i n t e r a c t i o n s . I t assumed t h a t , 
( i ) t h e t r a c k s w e r e v i s i b l e so t h e p a r t i c l e ' s v e l o c i t y can be 
d e t e r m i n e d f r o m t h e c u r v a t u r e . 
( i i ) t a c h y o n s b e h a v e as o r d i n a r y p a r t i c l e s i n m a g n e t i c f i e l d s . 
( i i i ) C e r e n k o v r a d i a t i o n i s s u p p r e s s e d so t h a t i t i s n o t t h e 
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d o m i n a n t e n e r g y l o s s . 
No e v e n t s w e r e f o u n d and t h e u p p e r l i m i t on t h e c r o s s - s e c t i o n 
f o r t h e p r o d u c t i o n o f t + t , h a v i n g ' r e s t mass' b e t w e e n ~100 MeV 
and 1 GeV, o f 0.2 yubarn was d e t e r m i n e d . 
The s e c o n d i n v o l v e d d e c a y s o f t h e f o r m p->pt° and p - > p t t , 
i e . t h e o b s e r v a t i o n o f a p r o t o n r e c o i l w i t h o u t an i n c o m i n g 
p a r t i c l e . The e x p e r i m e n t c o u l d d i s t i n g u i s h r e c o i l p r o t o n s o f 
k i n e t i c e n e r g y as l o w as 4 MeV. None w e r e f o u n d and t h e l o w e r 
l i m i t f o r t h e l i f e t i m e o f f r e e p r o t o n s f o r e l a s t i c , t a c h y o n i c , 
2 1 
d e c a y v i a t h e above r e a c t i o n s i s 2 10 y r . 
3.3.4 I n d i r e c t Methods 
3.3.4.1 Cohen e t a l (1977) 
U s i n g v e r y l o n g b a s e l i n e i n t e r f e r o m e t r y m e a s u r e m e n t s , t h e y 
h a v e shown t h a t n e a r l y h a l f o f s t r o n g c o m p a c t e x t r a g a l a c t i c r a d i o 
s o u r c e s a p p e a r t o be e x p a n d i n g w i t h v e l o c i t i e s i n t h e r a n g e 4c t o 
10c. The s o u r c e s t a k e t h e f o r m o f t w o c o m p o n e n t s r e c e d i n g f r o m 
e a c h o t h e r a l o n g some p r e f e r r e d d i r e c t i o n . E x p l a n a t i o n s f o r t h i s 
phenomena, eg. B l a n d f o r d e t a l ( 1 9 7 7 ) , r u n i n t o d i f f i c u l t y s i n c e 
t h e e x p a n s i o n i s n o t s p h e r i c a l l y s y m m e t r i c . Much b e t t e r measure-
ments a r e r e q u i r e d i n o r d e r t o c l a r i f y t h e p o s i t i o n . 
3.3.4.2 Cooper (1978) 
A r e a n a l y s i s o f t h e e x p e r i m e n t b y C h a m b e r l a i n e t a l (1955) 
i n w h i c h t h e a n t i - p r o t o n was d i s c o v e r e d was c o n d u c t e d . The 
e x p e r i m e n t i n v o l v e d n e g a t i v e p a r t i c l e s b e i n g s c a t t e r e d i n t h e 
f o r w a r d d i r e c t i o n when t h e B e v a t r o n p r o t o n beam i m p i n g e d on a 
c o p p e r t a r g e t . I n a d d i t i o n numerous mesons w e r e d e t e c t e d . The 
s p e c t r u m o f v e l o c i t i e s o f t h e s e mesons was f o u n d t o e x c e e d c, t h e 
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mean b e i n g 1.053c, and t h i s l e d t o a p r o b a b i l i t y o f 0.9972 t h a t 
meson v e l o c i t i e s e x c e e d e d c. S i n c e t h e t i m e o f f l i g h t was c r i t i c a l 
t o measure t h e a n t i - p r o t o n mass t h e o r i g i n a l e x p e r i m e n t w o u l d 
be i n v a l i d a t e d i f t h e d a t a was a d j u s t e d t o remove t h e s u p e r -
l u m i n a l v e l o c i t y ( w h i c h w o u l d mean g r e a t e r t h a n 5% e r r o r i n t h e 
40 f t d i s t a n c e ) . Even w o r k i n g b a c k f r o m a more a c c u r a t e a n t i -
p r o t o n mass d e t e r m i n a t i o n r e s u l t s i n a p r o b a b i l i t y i n e x c e s s 
o f 0.863. 
3.3.4.3 A n d r e y e v e t a l (1979) 
A s c i n t i l l a t i o n t e l e s c o p e was u s e d f o r t i m e o f f l i g h t 
m e a surements and t h e t i m e r e s o l u t i o n d e t e r m i n e d . P a r t i c l e s w i t h 
a n omalous v e l o c i t i e s w e r e f o u n d and i t was c o n c l u d e d t h a t an u p p e r 
l i m i t on t h e i n t e n s i t y o f p e n e t r a t i n g p a r t i c l e s w i t h a nomalous 
—12 —2 — 1 — 1 
v e l o c i t y o f l e s s t h a n 8 10 cm s s r forj5>>2 and j?<0.66 was 
d e t e r m i n e d w i t h a 9 0 % c o n f i d e n c e l e v e l . 
3.4 EXTENSIVE AIR SHOWER SEARCHES 
3.4.1 P r i n c i p l e 
T h i s t y p e o f s e a r c h assumes t h r e e p r o p e r t i e s o f t a c h y o n s 
t o be t r u e % 
( i ) They t r a v e l f a s t e r t h a n l i g h t ( t r u e b y d e f i n i t i o n ) . 
( i i ) T h e y a r e d e t e c t a b l e . U s u a l l y t h i s means t h a t t h e y s h o u l d 
g i v e up e n e r g y t o a s c i n t i l l a t o r . 
( i i i ) They a r e p r o d u c e d i n t h e i n t e r a c t i o n o f v e r y h i g h e n e r g y 
c o s m i c r a y p r i m a r y p a r t i c l e s <it t h e t o p o f t h e -it r n o s p h e r e , 
and , ' i r e n o t . i b s o r b e d by t h e ..itrnorjf ;here. 
The l a t t e r t w o p r o p e r t i e s a r e c o n s i d e r e d r e a s o n a b l e i n t h e l i g h t 
o f t h e , p r e v i o u s l y d i s c u s s e d , t h e o r y . 
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Th e s h o w e r f r o n t moves w i t h a v e l o c i t y v e r y c l o s e t o t h a t 
o f l i g h t . A t a c h y o n w i l l t h e r e f o r e a r r i v e a t t h e o b s e r v e r b e f o r e 
t h e s h o w e r f r o n t . One w o u l d e x p e c t t h e most l i k e l y t a c h y o n p r o d -
u c t i o n t o be a t a c h y o n - a n t i t a c h y o n p a i r c r e a t e d w i t h t h e p r o d u c -
t i o n t h r e s h o l d e n e r g y and z e r o k i n e t i c e n e r g y g i v i n g an i n f i n i t e 
v e l o c i t y . F o r l a r g e k i n e t i c e n e r g i e s t h e v e l o c i t y t e n d s t o t h e 
v e l o c i t y o f l i g h t . On a v e r a g e a p r i m a r y u n d e r g o e s i t s f i r s t 
i n t e r a c t i o n a t an a t m o s p h e r i c d e p t h o f 97 gem ^ (17 km above 
sea l e v e l ) . F o r a v e r t i c a l s h o w e r a t a c h y o n w o u l d , t h e r e f o r e , 
a r r i v e w i t h i n a p e r i o d o f 5 7 jis b e f o r e t h e s h o w e r f r o n t . F o r a 
s hower w i t h an a x i s i n c l i n e d a t 60° t o t h e v e r t i c a l ( l e s s t h a n 
1 % o f a l l s h o w e r s a t sea l e v e l h a v e z e n i t h a n g l e s g r e a t e r t h a n 
60°) t h e n t h i s r i s e s t o 114 ^us. So i f t a c h y o n s e x i s t one w o u l d 
e x p e c t t o o b s e r v e a number o f e v e n t s , w i t h i n a p e r i o d o f 120 jis 
p r i o r t o t h e s h o w e r f r o n t , i n e x c e s s o f t h a t e x p e c t e d due t o t h e 
random b a c k g r o u n d . 
A r e v i e w o f e x p e r i m e n t a l s e a r c h e s u s i n g t h i s p r i n c i p l e 
a r e g i v e n i n t h e f o l l o w i n g s e c t i o n s . 
3.4.2 Ramana M u r t h y (1971) 
I n t h i s e x p e r i m e n t a p e r i o d o f 19 jis p r e v i o u s t o an 
e x t e n s i v e a i r s h o w e r (EAS) was e x a m i n e d f o r p o t e n t i a l t a c h y o n 
s i g n a l s . The p r o c e d u r e was t o open a 20 yus l o n g g a t e on a r r i v a l 
o f a p o t e n t i a l s i g n a l and l o o k f o r t h e a r r i v a l o f an EAS i n t h i s 
p e r i o d . T h i s was t h e n t o be compared w i t h t h e number o f EAS 
e x p e c t e d t o a r r i v e b y c h a n c e , an e x c e s s o f a c t u a l e v e n t s w o u l d 
t h e n i n d i c a t e t h e p r e s e n c e o f t a c h y o n s . 
A p o t e n t i a l t a c h y o n s i g n a l was d e r i v e d i n one o f t w o ways. 
F i r s t l y u s i n g a p h o t o m u l t i p l i e r v i e w i n g a l i q u i d s c i n t i l l a t o r 
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w h i c h may d e t e c t c h a r g e d o r n e u t r a l t a c h y o n s i n t e r a c t i n g w i t h t h e 
s c i n t i l l a t o r medium (mode 1 ) . S e c o n d l y u s i n g a method s i m i l a r 
t o A l v a g e r and K r e i s i e r (1968) where a c o i n c i d e n c e was r e q u i r e d 
f r o m a p a i r o f p h o t o m u i t i p l i e r s v i e w i n g t h e gap b e t w e e n t w o 
e l e c t r o d e s f o r t h e p r o d u c t i o n o f C e r e n k o v r a d i a t i o n ( c r i t i c i s m o f 
t h i s m e t h o d was g i v e n i n a p r e v i o u s s e c t i o n ) by c h a r g e d t a c h y o n s 
(mode 2) . 
The EAS s i g n a l i s p r o d u c e d u s i n g a c o i n c i d e n c e f r o m f o u r 
p h o t o m u i t i p l i e r s v i e w i n g f o u r s c i n t i l l a t o r s s i t u a t e d a t t h e c o r n e r s 
o f a s q u a r e o f s i d e 10 m. The e l e c t r o n d e n s i t y r e q u i r e m e n t was 
-2 - 1 
1 m and t h e t r i g g e r r a t e was 2 0 mm . The e x p e r i m e n t was r u n 
f o r 5079 h r i n mode 1 and 2597 h r i n mode 2. I n b o t h c a s e s t h e 
number o f c o i n c i d e n c e s f e l l w i t h i n one s t a n d a r d d e v i a t i o n on t h e 
e x p e c t e d number o f c h a n c e c o i n c i d e n c e s . I t was c o n c l u d e d t h a t 
-4 
t h e f r e q u e n c y o f occurrence o f t a c h y o n s i s l e s s t h a n J 10 t o 
1 1 0 - 5 r e l a t i v e t o t h a t o f e l e c t r o n s . 
3.4.3 C l a y and C r o u c h (1974) 
A p l a s t i c s c i n t i l l a t o r was u s e d as t h e t a c h y o n d e t e c t o r . 
The o u t p u t o f a p h o t o m u l t i p l i e r was f e d i n t o a d i g i t a l t r a n s i e n t 
r e c o r d e r w h i c h d i g i t i s e s t o s i x b i t a c c u r a c y . Each w o r d i s t h e n 
p u t i n t o a 256 w o r d s t o r e ( r e p r e s e n t i n g a 128 jis d e l a y ) . T h i s was 
t h e n o u t p u t t o a c h a r t r e c o r d e r w h i c h r e d u c e d t h e e f f e c t i v e 
d e l a y t o 114 jis. 
The EAS t r i g g e r was o b t a i n e d f r o m f i v e 1x1x0.005 m J 
p l a s t i c s c i n t i l l a t o r s , a r r a n g e d i n a s q u a r e a r r a y o f s i d e 30 m, 
one a t e a c h c o r n e r and one a t t h e c e n t r e . A c o i n c i d e n c e b e t w e e n 
t h e c e n t r a l d e t e c t o r and any t h r e e o f t h e o t h e r s p r o d u c e d a 
t r i g g e r w h i c h was t h e n u s e d t o t r i g g e r t h e t r a n s i e n t r e c o r d e r . 
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I n a n a l y s i s , t h e o b s e r v e d t i m e p e r i o d was r e d u c e d t o 97.5 
The p o s i t i o n , i n t i m e , o f t h e l a r g e s t p u l s e w h i c h o c c u r s i n 
t h i s p e r i o d was n o t e d and p l o t t e d on a h i s t o g r a m . T h i s was 
t h e n c o m p a r e d w i t h a h i s t o g r a m p r o d u c e d u s i n g a random t r i g g e r . 
The r e s u l t i n g d i s t r i b u t i o n was f o u n d n o t t o be u n i f o r m and i t 
was c o n c l u d e d t h a t non-random e v e n t s , p r e c e d i n g t h e a r r i v a l o f 
an EAS, h a d been o b s e r v e d and i t was s u g g e s t e d t h a t t h i s was a 
r e s u l t o f p a r t i c l e s t r a v e l l i n g w i t h an a p p a r e n t v e l o c i t y g r e a t e r 
t h a n c. 
3 . 4 . 4 P r e s c o t t (1975) 
P r e s c o t t f o l l o w e d up t h e w o r k o f C l a y and C r o u c h b y r e -
a n a l y s i n g t h e i r d a t a and p e r f o r m i n g new e x p e r i m e n t s . H i s r e a n a l y s i 
c o n s i s t e d o f c o m p a r i n g t h e number o f p u l s e s i n t h e 0 t o 105 ^JS 
p r e v i o u s t o t h e s h o w e r f r o n t w i t h t h a t i n t h e 105 t o 210 p.s r e g i o n 
No e x c e s s o f p u l s e s w e r e seen i n t h e f o r m e r i n t e r v a l , t h u s 
c o n t r a d i c t i n g t h e p r e v i o u s r e s u l t s . T h i s d i s c r e p e n c y was t r a c e d 
t o t h e l a r g e o v e r s h o o t (~30%) g e n e r a t e d i n t h e t r a n s i e n t r e c o r d e r . 
T h i s meant t h a t any p u l s e s i n t h e f i r s t a nd s e c o n d b i n s w o u l d 
be s u b s t a n t i a l l y l o w e r e d i f a l a r g e p u l s e a r r i v e d j u s t p r i o r t o 
them. T h i s l e d t o a d e f i c i e n c y i n ' l a r g e s t p u l s e 1 c o u n t s i n t h e s e 
2 
b i n s and h e n c e an e r r o n e o u s X • 
The C l a y a n d C r o u c h a p p a r a t u s was m o d i f i e d t o r e d u c e t h e 
o v e r s h o o t and t h e r e s u l t s f r o m t h i s p r o d u c e d no e v i d e n c e f o r a 
n o n - u n i f o r m d i s t r i b u t i o n i n t h e t i m e i n t e r v a l p r e c e e d i n g t h e 
shower f r o n t . A l s o an i n d e p e n d e n t e x p e r i m e n t was d e v i s e d . T h i s 
3 
c o n s i s t e d o f a 50x50x10 cm p l a s t i c s c i n t i l l a t o r , v i e w e d b y a 
t w o i n c h p h o t o m u l t i p l i e r , l o c a t e d 17.5 m f r o m t h e c e n t r e o f t h e 
B u c k l a n d P a r k a r r a y . The s i g n a l was a m p l i f i e d and d e l i v e r e d t o a 
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t r a n s i e n t r e c o r d e r w i t h o u t p u t t o a c h a r t r e c o r d e r . S i g n a l t o 
n o i s e was i m p r o v e d b y t w o o r d e r s o f m a g n i t u d e , f r o m " 0 . 1 o f t h e 
- 4 mean s i n g l e p a r t i c l e e n e r g y r e l e a s e i n t h e s c i n t i l l a t o r t o 5 10 
O v e r s h o o t was r e d u c e d t o l e s s t h a n 0.5%. 4315 s h o w e r s o f e n e r g y 
15 
g r e a t e r t h a n 5 10 eV w e r e o b s e r v e d and p r o d u c e d a n e g a t i v e r e s u l t . 
An u p p e r l i m i t on t h e t a c h y o n / e l e c t r o n f l u x , a t t h e 90% c o n f i d e n c e 
_5 
l i m i t , was d e t e r m i n e d as 5 10 
3.4.5 Feqan e t a l (1975) 
3 
A s e a r c h was c o n d u c t e d a t s e a - l e v e l , u s i n g a 250x5 cm 
p l a s t i c s c i n t i l l a t o r , p l a c e d a t t h e c e n t r e o f an a r r a y o f t h r e e 
3 
500x0.5 cm p l a s t i c d e t e c t o r s , t o p r o v i d e t h e a i r s h o w e r t r i g g e r . 
T h i s p r o d u c e d a r a t e o f a b o u t 1 h r ^ w h i c h c o r r e s p o n d e d t o a mean 
shower e n e r g y o f 2 l O ^ e V . The o u t p u t o f t h e t w o , f i v e i n c h , 
p h o t o m u l t i p l i e r s , v i e w i n g t h e d e t e c t o r i n c o i n c i d e n c e , was f e d 
t o a 200 b i t s t a t i c s h i f t r e g i s t e r w h i c h p r o d u c e d an 800 yjs 
r e c o r d o f t h e t i m e d i s t r i b u t i o n o f d e t e c t e d e v e n t s . 
Two modes o f o p e r a t i o n w e r e u s e d . The f i r s t , mode A, 
demanded c o i n c i d e n c e b e t w e e n t h e p h o t o m u l t i p l i e r s and c o r r e s -
p o n d e d t o an e n e r g y d e p o s i t i n t h e s c i n t i l l a t o r o f >, 1 MeV. The 
s e c o n d , mode B, t o o k an o u t p u t f r o m o n l y one o f t h e p h o t o m u l t i p l i e r s 
and c o r r e s p o n d e d t o a d e p o s i t o f >0.5 MeV. The EAS t r i g g e r was 
u s e d t o i n h i b i t t h e s h i f t r e g i s t e r c l o c k 380 ^us a f t e r t h e t r i g g e r 
and so r e t a i n a r e c o r d o f i t s c o n t e n t s f r o m 420 jis b e f o r e t h e 
f r o n t t o 380 ys a f t e r . 
A s t a t i s t i c a l a n a l y s i s o f t h e i n t e r v a l 12 ^us t o 408 
b e f o r e t h e f r o n t p r o d u c e d no e v i d e n c e f o r a d e v i a t i o n f r o m a 
random d i s t r i b u t i o n . Upper l i m i t s f o r t h e t a c h y o n f l u x , a t t h e 
-2 -2 - 1 
3cr l e v e l , w e r e d e t e r m i n e d as 2.06 10 m s h r i n mode A and 
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6.58 10 m s h r i n mode B, a t t h e mean shower e n e r g y . 
3.4.6 Emery e t a l (1975) 
2 
An a r r a y o f f o u r l x l m t r a y s , e ach w i t h 24 o e i g e r - M u l l e r 
c o u n t e r s , w e re s e t up w i t h t h r e e e v e n l y s p a c e d on a c i r c l e o f 
r a d i u s 21.2 m and one a t t h e c e n t r e . The a i r s h o w e r t r i g g e r was 
s u c h as t o p r o d u c e a r a t e o f 357 p e r day c o r r e s p o n d i n g t o an 
e n e r g y o f a b o u t 10^ 5eV. The o u t p u t s o f a l l t u b e s w e r e c o n n e c t e d 
i n p a r a l l e l t o a s h i f t r e g i s t e r w h i c h a l l o w e d an i n t e r v a l o f 
108 ^us t o be r e c o r d e d . 27449 s h o w e r s w e r e r e c o r d e d , d u r i n g w h i c h 
2 
3512 GM p u l s e s p r e c e e d e d t h e m i n t h e 108 jis. A % t e s t p r o d u c e d 
a 0.9 p r o b a b i l i t y t h a t t h e t i m e d i s t r i b u t i o n was t h e same as a 
u n i f o r m one. 
A s e c o n d e x p e r i m e n t i n v o l v e d a 75 cm d i a m e t e r , 2.5 cm deep, 
l i q u i d s c i n t i l l a t o r a t t h e c e n t r e o f t h e a r r a y . T h i s was u s e d 
b e c a u s e o f t h e p o s s i b i l i t y t h a t t a c h y o n s m i g h t n o t t r i g g e r GM 
c o u n t e r s b u t be c a p a b l e o f p r o d u c i n g p u l s e s i n s c i n t i l l a t o r s . 
The s y s t e m was s e t t o r e c o r d p u l s e s g r e a t e r t h a n 0.1 o f a muon 
p u l s e . 3766 p r e c u r s o r p u l s e s w e r e seen i n 9521 s h o w e r s , w h i c h 
gave a 0.15 p r o b a b i l i t y o f t h e d i s t r i b u t i o n b e i n g u n i f o r m . I t 
was c o n c l u d e d t h a t t h e r e i s no p o s i t i v e e v i d e n c e f o r t a c h y o n s 
i n a s s o c i a t i o n w i t h a i r s h o w e r s . 
3.4.7 Hazen e t a l (1975) 
The t a c h y o n d e t e c t o r s c o n s i s t e d o f p l a s t i c s c i n t i l l a t o r s 
o f d i m e n s i o n s 1.2rn x 1.2m x 38mm w i t h an o u t p u t t o a t r a n s i e n t 
r e c o r d e r ( w h i c h r e c o r d e d p u l s e s b e t w e e n 0.03 and 0.1 o f t h e h e i g h t 
due t o a s i n g l e muon and i n a t i m e domain o f 170 ^ u s ) . The t r i g g e r 
f r o m t h e a r r a y p r o d u c e d a r a t e o f 10 h r ^ c o r r e s p o n d i n g t o a 
5 
minimum shower s i z e o f a r o u n d 10 p a r t i c l e s . The f i r s t r u n 
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c o n s i s t e d p a r t l y o f u s i n g t w o d e t e c t o r s and p a r t l y u s i n g one. 
The number o f l a r g e s t p u l s e s d e t e c t e d i n t h e i n t e r v a l p r i o r t o 
t h e shower f r o n t was c o m p a r e d w i t h t h a t f r o m a r u n u s i n g a 
random t r i g g e r , g e n e r a t e d b y v e r y s m a l l s h o w e r s . No e v i d e n c e f o r 
a s i g n i f i c a n t d i f f e r e n c e was f o u n d . 
A s e c o n d r u n i n v o l v e d t h e use o f t w o d e t e c t o r s p l a c e d 
one above t h e o t h e r . The t i m e d i s t r i b u t i o n o f c o i n c i d e n t p u l s e s 
2 
i n t h e 160 yus p r i o r t o t h e f r o n t w e r e f o u n d , u s i n g a X t e s t , t o 
n o t be s i g n i f i c a n t l y d i f f e r e n t f r o m a u n i f o r m d i s t r i b u t i o n . They 
c o n c l u d e d t h a t t h e u p p e r l i m i t on t h e f l u x o f t a c h y o n s a t s e a -
5 —8 — 2 — 1 — 1 l e v e l , a s s o c i a t e d w i t h EAS o f s i z e 10 i s 10 cm s s r 
3.4.8 S m i t h and S t a n d i l (1977) 
A c o s m i c r a y t e l e s c o p e , c o n s i s t i n g o f f i v e s c i n t i l l a t o r s 
2 
o f a r e a 0.7 m , was u s e d . Each e l e m e n t c o u l d r e g i s t e r p a r t i c l e s 
w h i c h d e p o s i t e d e n e r g y g r e a t e r t h a n a f i f t h o f t h a t due t o a rnuon 
an d t h e d e t e c t o r r e g i s t e r e d c h a r g e d p a r t i c l e s a t a r a t e o f 27.5 s ^. 
A i r s h o w e r s w e r e d e t e c t e d b y an a r r a y o f t h r e e d e t e c t o r s w h i c h 
14 -2 - 1 t r i g g e r e d on s h o w e r s o f e n e r g y 6 10 eV a t a r a t e o f 10 s 
The d e t e c t i o n o f a t a c h y o n c a n d i d a t e c a u s e d t h r e e i n d e p e n d e n t 
m easurements o f t h e i o n i s a t i o n o f t h e i n i t i a t i n g p a r t i c l e t o be 
d i g i t i s e d and s t o r e d . I f an a i r s h o w e r a r r i v e d w i t h i n 290 JJ.S o f 
t h i s e v e n t , t h e d a t a , a l o n g w i t h t h e p u l s e h e i g h t s f r o m t h e a r r a y 
d e t e c t o r s and t h e t i m e , w o u l d be s a v e d on p a p e r t a p e . 
The a p p a r a t u s was r u n f o r 223 d a y s , d u r i n g w h i c h numerous 
c h e c k s on t h e s t a b i l i t y o f t h e d e t e c t i n g s y s t e m w e r e c a r r i e d o u t . 
204702 s h o w e r s w e r e r e c o r d e d , a l o n g w i t h 1519±39 t a c h y o n c a n d i d a t e s . 
When t h e number o f e x p e c t e d c o i n c i d e n c e s w e r e s u b t r a c t e d , an 
e x c e s s o f 46±40 e v e n t s w e r e f o u n d . I t was c o n c l u d e d t h a t t h e s e 
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c o u l d be e x p l a i n e d as random c o i n c i d e n c e s b e t w e e n t h e s t a r t and 
s t o p s i g n a l s a t t h e t i m e t o a m p l i t u d e c o n v e r t e r . 
3.4.9 A s h t o n e t a l (1977b) 
A i r s h o w e r t r i g g e r s v/ere p r o v i d e d by t h e Durham A r r a y 
o u t e r r i n g , as d e s c r i b e d i n c h a p t e r 2, w i t h a r a t e o f 
(8.53±0.46) h r - " ^ and a minimum shower s i z e o f a b o u t 3 10^ p a r t -
i c l e s . The t a c h y o n d e t e c t o r c o n s i s t e d o f a l a y e r o f s c i n t i l l a t i o n 
c o u n t e r s , e a c h o f t h i c k n e s s 5 cm, w i t h a t o t a l s e n s i t i v e a r e a o f 
2 
2 . 1 m . The e q u i p m e n t c o n s i s t e d o f , f r o m t o p t o b o t t o m , 15cm o f 
l e a d , 8 l a y e r s o f neon f l a s h t u b e s , 15cm o f i r o n , t h e t a c h y o n 
d e t e c t o r s and 108 l a y e r s o f f l a s h t u b e s . The o u t p u t s f r o m t h e 
s c i n t i l l a t o r s w e r e summed, p a s s e d t h r o u g h a 240 JJS d e l a y l i n e 
a nd d i s p l a y e d on an o s c i l l o s c o p e , t h e s c r e e n o f w h i c h was p h o t o -
g r a p h e d . The f l a s h t u b e s a l l o w e d t h e t r a c k s o f t a c h y o n c a n d i d a t e s 
t o be r e c o r d e d . However t h e y a l s o i n t r o d u c e d t h e p o s s i b i l i t y o f 
h i g h v o l t a g e p i c k - u p p u l s e s i n t h e d e t e c t o r e l e c t r o n i c s . 
I n 341 s h o w e r s , s i x p r e c u r s o r s w e r e o b s e r v e d w i t h p u l s e 
h e i g h t s g r e a t e r t h a n t h r e e t i m e s t h e h e i g h t o f t h a t due t o a 
r e l a t i v i s t i c muon. M o r e o v e r t h e s e a l l o c c u r r e d i n t h e t i m e i n t e r v a l 
0 t o 120 yus p r e c e e d i n g t h e s h o w e r f r o n t . No a nomalous t r a c k s 
w e r e seen t o be a s s o c i a t e d w i t h t h e e v e n t s . The number o f s u c h 
2 
p u l s e s e x p e c t e d was c a l c u l a t e d t o be 0 . 8 1 . I n a d d i t i o n a X t e s t 
— 6 
gave a p r o b a b i l i t y o f 4.5 10 t h a t s i x e v e n t s w o u l d o c c u r i n 
t h i s r e g i o n and nonfi-in t h e 120 t o 220 jis r e g i o n . I t was c o n c l u d e d 
t h a t a p o s s i b l e f l u x o f t a c h y o n s e x i s t e d b u t t h a t b e t t e r s t a t -
i s t i c s w e r e r e q u i r e d t o e s t a b l i s h i f t h e e f f e c t i s r e a l o r n o t . 
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3.4.10 B h a t , P. N. e t a l (1979) 
A s e a r c h was c o n d u c t e d u s i n g a t a c h y o n d e t e c t o r 10m f r o m 
t h e c e n t r e o f an a r r a y o f 24 d e t e c t o r s . The t a c h y o n d e t e c t o r 
c o n s i s t e d o f t w o p l a s t i c s c i n t i l l a t o r s e a c h 8 0 x 8 0 x 1 c r n \ l o c a t e d 
_2 
i n a s t a c k o f 14 gem i r o n p l a t e s w h i c h f o r m t h e m u l t i - p l a t e 
a s s e m b l y o f a l a r g e b u b b l e chamber. A 48 gem ^ l a y e r o f l e a d 
s h i e l d s t h e chamber f r o m l o w e n e r g y p a r t i c l e s . The o u t p u t o f 
t h e d e t e c t o r i s d i s c r i m i n a t e d a t t h e t h r e e muon l e v e l . The 
a p p a r a t u s was o p e r a t e d i n t w o modes. I n t h e f i r s t t h e two 
s c i n t i l l a t o r s w e r e o p e r a t e d i n c o i n c i d e n c e and a p e r i o d o f 1 t o 
4 0 1 jas a f t e r a t a c h y o n c a n d i d a t e was s c a n n e d f o r t h e a r r i v a l o f 
an a i r s h o wer. I f one a r r i v e d , t h e n t h e d e l a y t i m e and t h e a i r 
shower d a t a w e r e r e c o r d e d . The r a t e o f a i r s h o w e r s was 12 h r - ' 1 
5 
and t h e e s t i m a t e d minimum s i z e o f t h e s h o w e r s was 2 10 . 20988 
sho w e r s w e r e o b s e r v e d i n 1749 h r and f o u r e v e n t s w e r e o b s e r v e d . 
S i n c e t h e number e x p e c t e d was s e v e n , t h e r e was no e x c e s s o f e v e n t s . 
I n t h e s e c o n d mode o n l y one d e t e c t o r was u s e d . The t r i g g e r 
was a d j u s t e d and gave a r a t e o f 42 h r ^ w i t h a minimum s h o w e r 
5 
s i z e o f a r o u n d 10 . 78624 s h o w e r s w e r e o b s e r v e d and 2 7 e v e n t s 
o c c u r r e d compared w i t h 31 e x p e c t e d . The e v e n t s w e r e a l s o u n i f o r m -
l y d i s t r i b u t e d o v e r t h e t i m e i n t e r v a l . From t h e e x p e r i m e n t t h e y 
c o n c l u d e d t h a t t h e u p p e r l i m i t on t h e t a c h y o n f l u x , a t t h e 9 5 % 
c o n f i d e n c e l e v e l , i s 2.3 10 ^ c m ^s "*"sr ^. 
3.4.11 Fegan (1981) 
2 
T h r e e p l a s t i c s c i n t i l l a t o r s o f 0.05 m a r e a , a t t h e v e r t i c e s 
o f an e q u i l a t e r a l t r i a n g l e o f s i d e 20 m, c o n s t i t u t e d t h e a i r 
shower s e l e c t o r . The minimum sho w e r e n e r g y w h i c h w o u l d p r o d u c e 
a t r i g g e r was lO^^eV w h i c h c o r r e s p o n d e d t o a r a t e o f 0.17 h r - 1 . 
The t a c h y o n d e t e c t o r c o n s i s t e d o f a 0.5 m x 0.02 5 m s h e e t o f 
NE102 p l a s t i c s c i n t i l l a t o r w i t h t w o f i v e i n c h p h o t o m u i t i p l i e r s 
a t t a c h e d . The s i g n a l s f r o m b o t h t u b e s w e re summed and f e d t o a 
t r a n s i e n t r e c o r d e r . T h i s a l l o w e d a p e r i o d 480 p.s b e f o r e t h e showe 
t o 24 jis a f t e r t o b e r e c o r d e d . The d e t e c t o r was s h i e l d e d b y 
15 cm o f l e a d . A m p l i t u d e i n t e g r a t e d h i s t o g r a m s w e r e p r o d u c e d , 
b o t h f o r t h e r e a l d a t a a nd t h e random d a t a , w h i c h was f r o m 
t r i g g e r s i n j e c t e d t h r o u g h o u t t h e e x p e r i m e n t as a s y s t e m c h e c k . 
G r o u p i n g t h e d a t a i n t o 12 b i n s r e v e a l e d no s i g n i f i c a n t e x c e s s i n 
any t i m e b i n . However t h e r e was some e v i d e n c e f o r c l u s t e r i n g 
b e t w e e n 48 and 60 jis when 960 b i n s w e r e u s e d , t h e peak d e v i a t i n g 
b y 5.330"' f r o m t h e mean a t 57 u s . T h i s r e m a i n e d d e s p i t e r e - a n a l y s i 
t o remove n o i s e f l u c t u a t i o n s . Fegan s u g g e s t e d t h a t t h e e x c e s s i s 
n o t i n c o n s i s t e n t w i t h t a c h y o n s b u t c o u l d be c a u s e d b y c o r r e l a t e d 
s h o w e r s ( G e r a s i m o v a e t a l , 1 9 6 0 ) . However G e r a s i m o v a d e t e r m i n e s 
t h e c o r e s o f a s s o c i a t e d s h o w e r s t o be s e p a r a t e d b y a d i s t a n c e o f 
a b o u t 1 km w h i c h makes t h i s e x p l a n a t i o n u n l i k e l y . 
3.5 CONCLUSIONS 
The e x i s t e n c e o f t a c h y o n s has be e n shown t o be s t i l l v e r y 
much open t o d o u b t . A t t e m p t s t o f o r m a r e a s o n a b l e , t h e o r e t i c a l , 
f r a m e w o r k f r o m w h i c h t h e i r i n t e r a c t i o n s and p r o p e r t i e s c a n be 
f o r m u l a t e d a r e a l s o shown t o be somewhat c o n f u s e d . T h i s has 
meant t h a t s e a r c h e s h ave h a d t o c o v e r a w i d e v a r i e t y o f p o s s i b l e 
b e h a v i o u r and n e g a t i v e r e s u l t s a r e d i f f i c u l t t o i n t e r p r e t s i n c e 
t h e y t e s t f o r t w o t h i n g s , i e . t h e p r o d u c t i o n mechanisms and 
s o u r c e s o f t a c h y o n s and t h e a b i l i t y t o d e t e c t them. Thus i n 
b u b b l e chamber s e a r c h e s t h e c o n c l u s i o n s c an be t h a t t h e p r o d u c t -
i o n t h r e s h o l d i s h i g h a n d / o r t h a t t h e i r i n t e r a c t i o n s w i t h m a t t e r 
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a r e so weak t h a t t h e y c a n n o t be d e t e c t e d . As has b e e n d i s c u s s e d 
i t i s b e l i e v e d t h a t C e r e n k o v e x p e r i m e n t s a r e i n v a l i d . 
C osmic r a y s e a r c h e s , a r e v i e w o f w h i c h a r e g i v e n i n 
t a b l e 4.2, a l l o w a h i g h e r p r o d u c t i o n t h r e s h o l d t o be i n v e s t -
i g a t e d b u t r e l y on t h e d e t e c t i o n o f t a c h y o n s b y s c i n t i l l a t i o n 
c o u n t e r s o r G e i g e r - M u l l e r t u b e s , e i t h e r d i r e c t l y o r i n d i r e c t l y 
t h r o u g h t h e p r o d u c t i o n o f s e c o n d a r i e s . N e v e r t h e l e s s t h e y a r e t h e 
most p r o m i s i n g o f e x i s t i n g methods o f s e a r c h . 
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CHAPTER 4 
THE TACHYON SEARCH EXPERIMENT 
4.1 INTRODUCTION 
The l a c k o f t a c h y o n d e t e c t i o n a t l a b o r a t o r y e n e r g i e s 
s u g g e s t s t h a t , i f t a c h y o n s a r e p r o d u c e d , t h e n some r e a s o n a b l y 
h i g h t h r e s h o l d e n e r g y f o r p r o d u c t i o n must e x i s t . So r e c e n t s e a r c h e s 
h a ve been c o n d u c t e d i n e x t e n s i v e a i r s h o w e r s . The method used 
f o r t h e s e a r c h i s t h a t f i r s t u s e d b y Ramana M u r t h y (1971) and 
s i n c e u s e d b y o t h e r s ( s e e c h a p t e r 3 ) . 
I t i s assumed t h a t t a c h y o n s a r e p r o d u c e d as p a r t i c l e -
a n t i p a r t i c l e p a i r s i n i n t e r a c t i o n s o f t h e s o r t t h a t o c c u r when 
a h i g h e n e r g y c o s m i c r a y p r i m a r y p r o t o n c o l l i d e s w i t h a n u c l e u s 
i n t h e u p p e r a t m o s p h e r e , i e . a r e a c t i o n o f t h e t y p e : 
p + N - > N + N + t + t + mesons ( 4 . 1 ) 
A l t e r n a t i v e l y , i f t a c h y o n s a r e p r o d u c e d i n c o s m i c r a y s o u r c e s and 
hav e an i n t e r a c t i o n l e n g t h c o m p a r a b l e w i t h t h a t o f a p r o t o n 
p r i m a r y , t h u s i n i t i a t i n g an e x t e n s i v e a i r shower, t h e n t h e s e , 
t o o , c a n be d e t e c t e d b y t h i s m e t h o d . 
A s e c o n d a s s u m p t i o n i s t h a t a t a c h y o n w i l l l o ^ s e e n e r g y 
i n a s c i n t i l l a t o r a nd g i v e r i s e t o p h o t o n s o r w i l l be d e t e c t a b l e 
b y t h e p r o d u c t i o n o f s e c o n d a r y p a r t i c l e s w h i c h c a n be d e t e c t e d . 
I n t h e absence o f a c o n s i s t e n t t h e o r y t h e s e a s s u m p t i o n s a r e 
c o n s i d e r e d r e a s o n a b l e . 
On a v e r a g e a p r i m a r y p r o t o n u n d e r g o e s i t s f i r s t i n t e r -
a c t i o n a t an a t m o s p h e r i c d e p t h o f 97 gem (17 km above s e a - l e v o ! ) . 
f 
I f i t has s u f f i c i e n t l y h i g h e n e r g y ( ^  .10 J GeV) i t w i l l t h e n 
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p r o d u c e an e x t e n s i v e a i r shower, t h e f r o n t o f w h i c h p r o p a g a t e s 
a t a v e l o c i t y v e r y c l o s e t o t h a t o f l i g h t . The most l i k e l y 
k i n e t i c e n e r g y f o r a t a c h y o n i s z e r o , i e . i t i s c r e a t e d a t t h e 
p r o d u c t i o n t h r e s h o l d e n e r g y . I n t h i s c a s e i t s v e l o c i t y w i l l be 
i n f i n i t e . A l s o , i f t h e i n i t i a l k i n e t i c e n e r g y i s g r e a t e r t h a n 
z e r o , any i n t e r a c t i o n w i t h t h e a t m o s p h e r e w i l l l o w e r i t s k i n e t i c 
e n e r g y and i t s v e l o c i t y w i l l i n c r e a s e . 
F o r t h i s c a s e , a t a c h y o n w o u l d a r r i v e w i t h i n a p e r i o d o f 
57 jis b e f o r e t h e s h o w e r f r o n t . F o r sh o w e r s i n c l i n e d a t 60° ( l e s s 
t h a n 1 % o f show e r s h a v e z e n i t h a n g l e s g r e a t e r t h a n 60°) t h i s i s 
i n c r e a s e d t o 114 IUS. F o r f i n i t e v e l o c i t y t a c h y o n s o r f o r t a c h y o n s 
p r o d u c e d i n s e c o n d a r y h a d r o n i n t e r a c t i o n s , l o w i n t h e a t m o s p h e r e , 
t h e d e l a y t i m e w o u l d be s m a l l e r . 
The e v e n t s i n t h e 240 jis p r e c e e d i n g a showe r a r e s t u d i e d 
and t h e d i s t r i b u t i o n i n t h e r e g i o n 0 t o 120 us compared, s t a t i s t -
i c a l l y , w i t h t h a t i n t h e r e g i o n 120 t o 240 J J S . T h i s s h o u l d 
i n d i c a t e any e x c e s s o f p a r t i c l e s i n t h e f i r s t r e g i o n w h i c h c o u l d 
be t a c h y o n s . 
4.2 EXPERIMENTAL ARRANGEMENT 
4.2.1 I n t r o d u c t i o n 
3 
The t a c h y o n d e t e c t o r was t h e 2x1x0.025 m p l a s t i c s c i n t -
i l l a t o r , d e s i g n a t e d 3 1 , i n t h e a i r shower a r r a y . T h i s i s 
u n s h i e l d e d e x c e p t f o r a p p r o x i m a t e l y 2 gem " o f wood, w h i c h i s 
n e g l i g i b l e . The e l e c t r o n i c s u s e d i n c o n j u n c t i o n w i t h t h i s 
d e t e c t o r h a ve been d e s c r i b e d i n c h a p t e r 2. The s i g n a l f r o m t h i s 
d e t e c t o r was t a k e n f r o m t h e b u f f e r / f a n - o u t u n i t and f e d t h r o u g h 
264 us o f d e l a y l i n e . The d e l a y l i n e o u t p u t i s f e d t o an o s c i l l o -
s c o p e w h i c h i s t r i g g e r e d and p h o t o g r a p h e d i n an i d e n t i c a l manner 
- 5 8 -
t o t h a t u s e d f o r r e c o r d i n g t h e a i r s h o w e r d a t a . A b l o c k d i a g r a m 
o f t h e s y s t e m i s g i v e n i n f i g u r e 4 . 1 . 
4.2.2 The D e l a y L i n e s 
H a c k e n t h a l l 1600 d e l a y l i n e was u s e d , w h i c h has a d e l a y 
o f 1 yjs p e r f o o t . The l o s s e s i n t h e l i n e a r e such t h a t s e v e r e 
a t t e n u a t i o n i s c a u s e d . Thus a 240 y_s l e n g t h c o u l d n o t be u s e d . 
The d e l a y l i n e was d i v i d e d i n t o t h r e e 80 f t l e n g t h s , each 
f o l l o w e d b y a b u f f e r - a m p l i f i e r . The b u f f e r - a m p l i f i e r s w e r e 
a d j u s t e d so as t o r e s t o r e t h e p u l s e h e i g h t t o i t s o r i g i n a l v a l u e 
b e f o r e e n t e r i n g t h e n e x t s e c t i o n o f l i n e . They c o n s i s t o f t h r e e 
741S o p e r a t i o n a l a m p l i f i e r s w h i c h p e r f o r m as t w o i n v e r t i n g amp-
l i f i e r s a nd a b u f f e r ( f i g u r e 4 . 2 ) . The o v e r a l l g a i n o f t h e s y s t e m 
i s t h u s s e t e q u a l t o u n i t y . To p r e v e n t r e f l e c t i o n o f p u l s e s a t 
t h e ends o f e a c h d e l a y l i n e , e a c h was t e r m i n a t e d b y i t s c h a r a c t e r -
i s t i c i m p e d a n c e (1.65K) so as t o make t h e l i n e s a p p e a r t o be o f 
i n f i n i t e l e n g t h . 
I t was f o u n d t h a t c o i l i n g t h e d e l a y l i n e s and p u t t i n g 
t h e m i n t r a y s was i m p r a c t i c a b l e . T h i s was b e c a u s e t h e e l e c t r o -
m a g n e t i c f i e l d , due t o t h e p u l s e t r a v e l l i n g down t h e l i n e , 
i n t e r a c t s w i t h a d j a c e n t s e c t i o n s o f t h e l i n e and p r o d u c e s n o i s e 
and r e f l e c t i o n o f p u l s e s . To overcome t h i s , e a ch was wound 
r o u n d a wooden f o r m e r o f 75 cm l e n g t h and 45 cm d i a m e t e r , w h i c h 
was f o u n d s u f f i c i e n t t o space e a c h l o o p and make t h e i n t e r a c t i o n 
e f f e c t s n e g l i g i b l e . The t o t a l d e l a y was m e a s u r e d and f o u n d t o 
be 264 jis s i n c e t h e f i g u r e o f 1 jis p e r f o o t f o r t h e d e l a y l i n e 
i s o n l y a p p r o x i m a t e . 
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4.2.3 D i s p l a y o f t h e D e l a y L i n e O u t p u t 
The d e l a y e d s i g n a l was f e d t o one c h a n n e l o f a T e k t r o n i x 
5102A d u a l beam o s c i l l o s c o p e , t h e o t h e r beam b e i n g u s e d as a base 
l i n e m a r k e r i n c a s e o f p u l s e u n d e r s h o o t . The t i r n e b a s e was a d j u s t -
ed t o be 300 jis t o e n a b l e a l l t h e d e l a y p e r i o d and t h e s h o w e r 
f r o n t p u l s e t o be r e c o r d e d . The maximum r e c o r d a b l e h e i g h t was 
s e t t o 400 mv ( e q u i v a l e n t t o f o u r t e e n p a r t i c l e s p a s s i n g t h r o u g h 
t h e d e t e c t o r ) . The o s c i l l o s c o p e was t r i g g e r e d and p h o t o g r a p h e d 
( a l o n g w i t h a d i g i t a l c l o c k ) i n t h e same manner as t h a t d e s c r i b e d 
f o r t h e a i r s h o w e r a r r a y o u t p u t . 
4.2.4 T r i g g e r i n g 
The a i r s h o w e r t r i g g e r f r o n t was e s t a b l i s h e d u s i n g t h e 
o u t e r r i n g d e t e c t o r s , i e . C,13,3 3,53. The t r i g g e r i n g t h r e s h o l d s 
- 2 -? u s e d w e r e as f o l l o w s : AC (^20.2 m ) , A 1 3 (»4. 2 m ) , A 33 
- 2 - 2 -1 (»4.6 m ) , A. 53 (>4.6 m ) , w h i c h gave a t r i g g e r r a t e o f 3.9 h r 
The t h e o r e t i c a l r a n g e o f showe r s i z e s a nd t h e c o r e d i s t a n c e s 
w h i c h c a n be d e t e c t e d w i t h t h e s e t h r e s h o l d s w e r e c a l c u l a t e d , as 
d e s c r i b e d i n a p p e n d i x B, and t h e r e s u l t s shown i n f i g u r e s 4.3 
and 4.4. The minimum d e t e c t a b l e s h o w e r s i z e was f o u n d t o be 
5 
2.5 10 p a r t i c l e s w h i c h i s e q u i v a l e n t t o a p r i m a r y e n e r g y o f 
a b o u t 1 0 1 5 e V . 
4.3 DATA AND CHECKS ON CONSISTENCY 
The e x p e r i m e n t was r u n f o r 1660 h o u r s and i n t h i s t i m e 
6 4 6 1 s h o w e r t r i g g e r s o c c u r r e d . D u r i n g t h i s t i m e t h e n o r m a l a i r 
shower a r r a y c h e c k s w e r e made. I n a d d i t i o n t h e g a i n o f t h e d e l a y 
l i n e s y s t e m was m o n i t o r e d , b u t i t was n o t f o u n d t o change s i g n i f -
i c a n t l y d u r i n g t h e e x p e r i m e n t . 





1 l l I I I I I I I I I I I I I I i I I 10 8 5 
10 10 10 10 
Shower Size (N) 
FIGURE 4.3 : Rate o f sh o w e r s o f s i z e g r e a t e r t;.an :: w; i c n 
t r i g g e r t h e a r r a y . ( A C >, 20 . 2:: _ 1 , A , ^ 4 . 2 rrf ^, tn>,4 • 1 -
&o>4 . . "2 
10 
0 20 40 60 80 100 120 
Radius(m) 
FIGURE 4.4 : R a t e o f s l i o w e r s w h i c h t r i g g e r t n e a r r a y an<J w use 
c o r e s f a l l a t a d i s t a n c e g r e a t e r t h a n r f r o : t - i e 
c e n t r e o f t h e a r r a y . ( A c > 20 . 2: r 2 , 4 . 2\ ~1,&zi>/ 4 . h:-.~2, 
A s i >4.6rn- 1) 
- 6 0 -
F i g u r e 4.5 s e r v e s t o i l l u s t r a t e t h e s a l i e n t f e a t u r e s o f 
t h e o s c i l l o s c o p e t r a c e . A c t u a l t r a c e s a r e shown i n f i g u r e s 4.6a 
and 4.6b. The e x t e n s i v e a i r s h o w e r f r o n t p u l s e i s p r e c e d e d b y 
a 'hump' o f w i d t h a p p r o x i m a t e l y 80 and a r e g i o n o f h i g h f r e q -
u e n c y o s c i l l a t i o n w h i c h e x t e n d s f o r a r e g i o n o f a b o u t 20 ^i s 
p r i o r t o t h e a r r i v a l o f a showe r f r o n t p u l s e and b o t h a r e 
i n s t r u m e n t a l i n n a t u r e . 
The h e i g h t o f t h e hump was i n v e s t i g a t e d as f o l l o w s . The 
i n t e g r a l d i s t r i b u t i o n o f p a r t i c l e d e n s i t i e s i n d e t e c t o r 31 i s 
p l o t t e d i n f i g u r e 4.7. These w e r e d e t e r m i n e d f r o m a r u n o f t h e 
a i r s h o w e r a r r a y , u s i n g t h e same t r i g g e r l e v e l s . T h i s has t o be 
done b e c a u s e t h e d y n a m i c r a n g e o f t h e r e c o r d i n g s y s t e m c o u l d n o t 
i n c l u d e b o t h t h e shower f r o n t p u l s e s and t h e much s m a l l e r s i n g l e 
p a r t i c l e p u l s e s . I t i s seen t h a t t h e m e d i a n p a r t i c l e d e n s i t y i s 
-2 2 26m c o r r e s p o n d i n g t o 52 p a r t i c l e s t r a v e r s i n g t h e 2 m d e t e c t o r . 
I n t h e p r e s e n t e x p e r i m e n t , t h e a v e r a g e p u l s e h e i g h t p r o d u c e d b y 
r e l a t i v i s t i c p a r t i c l e s t r a v e r s i n g t h e d e t e c t o r a t n o r m a l i n c i d e n c e 
i s 28.7 mv. U s i n g t h i s f i g u r e we c a n compare t h e i n t e g r a l d i s t -
r i b u t i o n o f hump h e i g h t s and t h e s e a r e p l o t t e d , a s s u m i n g them t o 
be p r o p o r t i o n a l t o t h e showe r f r o n t p u l s e h e i g h t s ( i e . p r o p o r t i o n a l 
t o t h e p a r t i c l e d e n s i t i e s ) and f i t t i n g t h i s t o t h e d e n s i t y d i s t -
r i b u t i o n . I t was f o u n d t h a t t h e t w o f i t t e d i f t h e hump was 
_3 
7.7 10 t h e h e i g h t o f t h e s h o w e r f r o n t p u l s e . A l t h o u g h t h e hump 
i s n o t s e r i o u s i n r e d u c i n g t h e e f f i c i e n c y o f d e t e c t i n g s h o w e r 
p r e c u r s o r s , t h e h i g h f r e q u e n c y o s c i l l a t i o n w h i c h o c c u p i e s t h e 
20 jis t i m e d o m a i n p r i o r t o t h e shower f r o n t p u l s e i s , and w i l l 
be d i s c u s s e d l a t e r . 
I t i s t o be n o t e d t h a t s h i e l d i n g t h e d e t e c t o r , j u s t 
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FIGURE 4.5 s T y p i c a l o s c i l l o s c o p e p h o t o g r a p h s h o w i n g a t a c h y o n 
t y p e p u l s e . N o r m a l l y t h e a i r shower f r o n t p u l s e 
h e i g h t i s o f f - s c a l e . T a c h y o n p u l s e s a r e e x p e c t e d 
t o o c c u r i n t h e 12 0 jis t i m e domain p r e c e e d i n g t r i e 
EAS f r o n t p u l s e . The t a c h y o n t y p e p u l s e i n t h e 
d i a g r a m i s drawn o u t s i d e t h i s t i m e domain f o r 
c l a r i t y o f p r e s e n t a t i o n . 
FIGURE 4.6 
a) T r a c e s h o w i n g t w o p r e c u r s o r p u l s e s (one b e i n g t o o 
s m a l l t o m e a s u r e ) , o c c u r r i n g a t 210 and 118 jis p r i o r 
t o t h e s h o w e r f r o n t , a s s o c i a t e d w i t h a s m a l l shower. 
b) T r a c e s h o w i n g a v e r y l a r g e a i r s h o w e r w i t h 
a s s o c i a t e d 'hump' and o s c i l l a t i o n . A p r e c u r s o r p u l s e 
has o c c u r r e d on t h e 'hump'. 
The t i m e b e t w e e n t h e s t a r t o f t h e t i r n e b a s e and t h e a r r i v a l 
o f t h e showe r f r o n t i s 264 p.s. The v e r t i c a l s c a l e i s 
a p p r o x i m a t e l y 1cm % 2 5mv. 
FIGURE 4.6a 
9 5 0 W 5 
FIGURE 4.6b 






EAS PARTICLE DENSITY 
HUMP PULSE HEIGHT 
I I I I I I 1.1 rn 0.1 u _ 
100 EAS ParHcle dens i ty (m ) 10 
5800 EAS Shower f r o n t 58 580 
pulse height (mv) 
0.43 4.3 43 Hump pulse he ight (mv) 
FIGURE 4.7 F r a c t i o n o f s h o w e r t r i g g e r s t h a t p r o d u c e a 
d e n s i t y ? A m - 2 - i n t h e t a c h y o n d e t e c t o r f o r t h e 
a i r s hower s e l e c t i o n r e q u i r e m e n t i n t h e t e x t . 
- 6 1 -
e x t e n s i v e a i r shower w o u l d c e r t a i n l y r e d u c e t h e s h o w e r f r o n t 
p u l s e b y a l a r g e f a c t o r and hence a l s o t h e a m p l i t u d e o f t h e 
o s c i l l a t i o n , t h u s e n a b l i n g m easurements t o be made, i n t h e 
20 yus r e g i o n , w i t h t h e p r e s e n t a p p a r a t u s . The minimum p u l s e 
h e i g h t t h a t c o u l d be d e t e r m i n e d w i t h a c c u r a c y was 20 mv. 
4.4 RESULTS 
F o r e a c h e v e n t , t h e t i m e o f o c c u r r e n c e , t h e h e i g h t and t i m e 
b e f o r e t h e shower f r o n t o f e v e r y p u l s e was r e c o r d e d . F o r t h e 
6461 s h o w e r t r i g g e r s , 3439 p u l s e s o f 10 mv o r g r e a t e r ( e q u i -
v a l e n t t o 0.35e, where e i s t h e p u l s e h e i g h t due t o a r e l a t i v i s -
t i c e l e c t r o n ) w e r e o b s e r v e d . F i g u r e 4.8 shows t h e t i m e d i s t r i b u t i o n 
o f p a r t i c l e s t r a v e r s i n g d e t e c t o r 31 f o r t h r e s h o l d e n e r g y l o s s e s 
i n t h e d e t e c t o r o f 10,20,30,40,50,100,200 mv. I t can be seen 
t h a t t h e r e i s a d e p l e t i o n o f o b s e r v e d e v e n t s i n t h e 20 jis p e r i o d 
p r i o r t o t h e a r r i v a l o f t h e s h o w e r f r o n t and t h i s i s due t o t h e 
o b s c u r a t i o n p r o d u c e d b y t h e h i g h f r e q u e n c y o s c i l l a t i o n a l r e a d y 
m e n t i o n e d . F o r t h i s r e a s o n a n a l y s i s was p e r f o r m e d o v e r 2 0 t o 
260 ^ i s o n l y . 
I f a l l t h e e v e n t s r e c o r d e d a r e p r o d u c e d b y b a c k g r o u n d 
( i e . t h e r m a l n o i s e f r o m t h e p h o t o m u l t i p l i e r s a t s m a l l p u l s e 
h e i g h t s and c o s m i c r a y p a r t i c l e s n o t a s s o c i a t e d w i t h t h e a i r 
shower t r i g g e r a t l a r g e p u l s e h e i g h t s ) t h e n i t e x p e c t e d t h a t the 
t i m e d i s t r i b u t i o n o f e v e n t s i n t h e 20 t o 260 ^ i s t i m e domain 
w o u l d be f l a t . I f , h o w e v e r , a s i g n i f i c a n t t a c h y o n f l u x i s 
a s s o c i a t e d w i t h t h e a i r shower t r i g g e r s and d e t e c t e d b y t h e s y s t e m , 
t h e n an e x c e s s o f e v e n t s i n t h e 20 t o 120 jis r e g i o n w o u l d be 
e x p e c t e d . F o r s m a l l t h r e s h o l d e n e r g y l o s s e s i n t h e d e t e c t o r 
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FIGURE 4.8 
50 100 150 200 250 _ T M _ 
TIME (us) 
Time d i s t r i b u t i o n s o f p u l s e s c o r r e s p o n d i n g ' 
t o d i f f e r e n t t h r e s h o l d e n e r g y l o s s e s i n t h e 
t a c h y o n d e t e c t o r o b t a i n e d f r o m a sa::iple o f 6 4 6 1 
t r i g g e r s . i s t h e mean c a l c u l a t e d o v e r t h e 
r a n g e 20-260 u s . 












FIGURE 4.8 : C o n t i n u e d 
- 6 2 -
u t i o n s c o r r e s p o n d t o a u n i f o r m d i s t r i b u t i o n by u s i n g a c h i -
s q u a r e t e s t . The p r o b a b i l i t y , P, o f t h e d i s t r i b u t i o n b e i n g 
u n i f o r m a r e g i v e n i n t a b l e 4 . 1 . I n a d d i t i o n , t h e t e s t was a p p l i e d 
t o e ach h a l f o f t h e d i s t r i b u t i o n i e . 20 t o 140 jis and 140 t o 260 y j s , 
t h e i r r e s p e c t i v e p r o b a b i l i t i e s P^, a l s o b e i n g shown i n t h e 
t a b l e . 
I t i s p o s s i b l e t h a t t a c h y o n i c p u l s e s m i g h t be p r e d o m i n a n t l y 
s i m i l a r h e i g h t s . To i n v e s t i g a t e t h i s , t i m e d i s t r i b u t i o n s a r e a l s o 
d r a w n f o r p u l s e h e i g h t s i n v a r i o u s b a n d s . These a r e shown i n 
f i g u r e 4.9 and t h e p r o b a b i l i t i e s g i v e n i n t a b l e 4 . 1 . 
From t h i s a n a l y s i s i t c a n be seen t h a t t h e r e i s no e v i d e n c e 
f o r a s i g n i f i c a n t number o f e v e n t s b e i n g p r o d u c e d by t a c h y o n s 
a s s o c i a t e d w i t h e x t e n s i v e a i r s h o w e r s . F o r l a r g e e n e r g y l o s s e s 
i n t h e d e t e c t o r (>7e) t h e r e a r e i n s u f f i c i e n t s t a t i s t i c s t o e n a b l e 
a c h i - s q u a r e t e s t t o be p e r f o r m e d . However, c o m p a r i n g t h e number 
o f e v e n t s o b s e r v e d i n t h e t i m e d o m a i n 2 0 t o 140 jis w i t h t h e 
number o b s e r v e d i n t h e 140 t o 260 p.s r e g i o n t h e r e s u l t i s , a g a i n , 
t h a t t h e r e i s no e v i d e n c e f o r a s i g n i f i c a n t e x c e s s o f e v e n t s i n 
t h e f i r s t i n t e r v a l , w h e r e t a c h y o n s a r e e x p e c t e d t o o c c u r , when 
compared t o t h e s e c o n d i n t e r v a l . I t i s n o t e d t h a t t h e d i s t r i b u t i o n s 
i n v o l v i n g p u l s e s i n t h e 10 t o 2 0 mv r a n g e g i v e v e r y l o w p r o b a b -
i l i t i e s o f a p p r o x i m a t i n g a u n i f o r m d i s t r i b u t i o n . T h i s i s due t o 
t h e d i f f i c u l t y o f m e a s u r i n g s u c h s m a l l p u l s e s , e s p e c i a l l y on t h e 
l e a d i n g edge o f t h e hump. T h i s m a n i f e s t s i t s e l f i n a l a r g e d i p 
i n t h e d i s t r i b u t i o n o f p u l s e s o f h e i g h t g r e a t e r t h a n 10 rnv, a t 
80 u s . 
A n o t h e r m e t h o d o f t e s t i n g t h e d a t a t o see w h e t h e r t h e r e 
i s e v i d e n c e f o r a s i g n i f i c a n t t a c h y o n f l u x i s t o compare t h e 
r a t e o f p u l s e s o f h e i g h t g r e a t e r t h a n a g i v e n v o l t a g e , v, t h a t 
ange Means 
S t a n d a r d 
D e v i a t i o n 
P r o b a b i l i t y o f b e i n g 
f r o m a U n i f o r m 
D i s t r i b u t i o n 
M 0 M 1 
M ^0 °1 °"2 p o P l P 2 
lOmv (>0 . 35e) 1 4 1 . 5 136. 8 146. 2 22 . 1 26.0 16. 0 < 0 . 0 0 0 1 <0.0001 0 . 04 
20mv (>0. 7e) 5 1 . 5 5 1 . 5 5 1 . 6 8.3 8.9 7. 7 0. 10 0 . 06 0.25 
30mv (>1.04e) 32 . 7 32. 4 32. 9 6.6 6.8 6. 5 0. 10 0. 12 0 . 17 
40mv (>1.4e) 23. 5 23. 6 23. 3 5.4 5.5 5. 4 0. 15 0. 18 0 . 17 
50mv (>1.7e) 17. 2 17. 0 17. 4 5.4 5.9 4. 8 0.015 0.01 0. 18 
lOOmv (>3 . 5e) 5. 6 5. 7 5. 6 2.4 2.7 2. 1 0. 60 0.40 0. 50 
200mv (>7.0e) 1. 8 1. 8 1 . 7 1.6 1.7 1. 5 
Omv -
3 . 35e 
20mv 
- 0.7e) 90. 0 85. 4 94. 6 17.7 21.7 10. 9 "=0.0001 *0.0001 0. 18 
3mv -
3 . 35e 
30mv 
















- 1.4e) 28. 1 27. 9 28. 3 5.8 6.2 5. 3 0. 20 0. 13 0.35 
) m v -
).7e • 
50mv 
- 1.7e) 34. 3 34. 5 34. 2 7.0 8.0 5. 9 0.07 0.02 0.35 
) m v -
L.04e 
40mv 
- 1.4e) 9. 2 8. 8 9. 6 3 . 7 3.3 4. 0 0.40 0.40 0.27 
) m v -
L.04e 
50mv 








- 3.5e) 17. 8 17. 9 17. 8 4 . 2 4.1 4. 2 0.45 0.40 0. 50 
i m v -
..7e -
lOOmv 
- 3.5e) 1 1 . 6 1 1 . 3 1 1 . 8 4.1 4.3 3. 8 0.05 0. 15 0.05 
l O m v -
>.5e • 
- 200mv 
- 7.0e) 3. 9 3. 8 3. 9 1.9 2.0 1. 9 0.40 0.65 0. 15 
l B L E 4.1 : S t a t i s t i c a l a n a l y s i s o f p u l s e h e i g h t d i s t r i b u t i o n s . 
Range 0 s 20 - 260 us 
Range 1 : 20 - 140 us 
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FIGURE 4 . 9 Time d i s t r i b u t i o n s f o r p u l s e 
h e i g h t s b e t w e e n t w o l i m i t s . 
i s t h e mean c a l c u l a t e d 





















0.7e«sv <1 04e 
686 Events 20mv«a'<40mv 
0.7e«v<1.<+e 
840 Events 20mv«i/<50rnv 
0.7e«tv<1.7e 
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30mv<sv</+0mv 
30inv<v<50mv 
1 04e«v<1 7e 
40mv«v<50mv 










1 7e * v < 3.5e 
I00mv«v<200mv 
3 . 5 e « v <7.0e 
TIME ips) 
F I G U R E 4 . 9 : C o n t i n u e d 
-63-
a r e p r o d u c e d b y t h e d e t e c t o r u s i n g an a m p l i f i e r - d i s c r i m i n a t o r -
s c a l a r c o m b i n a t i o n , w i t h t h a t o b t a i n e d f r o m t h e o s c i l l o s c o p e 
m e a s u r e m e n t s . I f n ( > v ) p u l s e s o f h e i g h t g r e a t e r t h a n v a r e 
m e a s u r e d i n t h e t i m e domain 2 0 t o 2 60 jis d u r i n g 6 4 6 1 t r i g g e r s 
t h e n , 
R <>v) = " ( > V ^ s " 1 ( 4 . 2 ) 
240x10 x 6 4 6 1 
F i g u r e 4.10 shows s u c h a c o m p a r i s o n . The a g r e e m e n t b e t w e e n t h e 
t w o m e t h o d s o f m e a s u r i n g R ( > v ) i s good, i n d i c a t i n g a g a i n t h a t 
t h e r e i s no s i g n i f i c a n t e x c e s s o f e v e n t s a s s o c i a t e d w i t h e x t e n s i v e 
a i r s h o w e r s . 
F i n a l l y , m u l t i p l e p u l s e e v e n t s w e re i n v e s t i g a t e d . A 
s i g n i f i c a n t number o f e v e n t s h a v e b e e n o b s e r v e d i n w h i c h more 
t h a n one p r e v i o u s p u l s e was s e e n . I f , f o r a g i v e n t h r e s h o l d e n e r g y 
l o s s , t h e a v e r a g e number o f e a r l y p u l s e s o b s e r v e d i s Z, t h e n t h e 
p r o b a b i l i t y o f o b s e r v i n g r p u l s e s , P ( r ) i s e x p e c t e d t o be P o i s s -
o n i a n , p r o v i d e d t h a t t h e p u l s e s a r e r a n d o m l y d i s t r i b u t e d i n t i m e , 
i s g i v e n b y , 
P ( r ) = ^ — f - ( 4 . 3 ) 
T a b l e 4.2 g i v e s t h e c o m p a r i s o n b e t w e e n t h e o b s e r v e d and e x p e c t e d 
numbers f o r d i f f e r e n t t h r e s h o l d e n e r g y l o s s e s . The number o f 
e v e n t s w i t h z e r o r i n c r e a s e s w i t h t h r e s h o l d e n e r g y l o s s b e c a u s e 
t h e r a t e o f b a c k g r o u n d p u l s e s d e c r e a s e s r a p i d l y w i t h i n c r e a s i n g 
t h r e s h o l d e n e r g y l o s s . I f a t a c h y o n s i g n a l i s p r e s e n t i n t h e 
d a t a t h e n an e x c e s s o f e v e n t s h a v i n g m u l t i p l e e a r l y p u l s e s c a n 
be e x p e c t e d , as a r e a l e a r l y t a c h y o n p u l s e a s s o c i a t e d w i t h some 
sh o w e r s w o u l d mean t h a t b o t h e a r l y p u l s e s a r e n o t r a n d o m l y 
r e l a t e d w i t h r e s p e c t t o t h e showe r f r o n t p u l s e . I t i s s e e n f r o m 
° discriminator 
300 
Pulse height (mv) 
FIGURE 4.10 Response o f t h e t a c h y o n d e t e c t o r t o t h e t o t a l 
c o s m i c r a y f l u x . I n t e g r a l r a t e o f p u l s e s o f 
n e i g h t >v m i l l i v o l t s ( m e a s u r e d a t t h e i n p u t t o 
t h e o s c i l l o s c o p e ) v e r s u s p u l s e h e i g h t v. The 
a v e r a g e p u l s e h e i g h t p r o d u c e d by r e l a t i v i s t i c 
muons t r a v e r s i n g t h e d e t e c t o r a t norma] i n c i d e n c e 
i s 28.7 mv and i s i n d i c a t e d ; >y e on t ^ e graph-. 





n -n o e 
0 3780 3786.7 
1 2027 2023.2 
2 556 540. 5 + 16. 5 
3 84 96. 3 
4 11 12 . 9 
5 2 1.4 
6 0 0.1 
7 1 0 
8 0 0 
64 6 1 
T h r e s h o l d 0.70e 
n n n n -n o e o e 
0 5309 5310.5 
1 1053 1041.4 
2 86 102.1 -16. 1 
3 11 6.7 
4 1 0.3 
5 1 0 
6 0 0 
6461 
T h r e s h o l d 1.04e 
n n n n -n 
o e o e 
0 5708 5706.8 
1 709 708.4 
2 40 44.0 -4.0 
3 3 1.8 
4 1 0.1 
5 0 0 
64 6 1 





n -n o e n n o 
n 
e 





0 5913 5 9 0 8 . 1 0 6076 6072.2 0 6334 6 3 3 5.2 
1 518 528. 5 1 369 376.9 1 127 124. 5 
2 30 23.6 + 6.4 2 16 11.7 +4.3 2 0 1.2 -1.2 
3 0 0.7 3 0 0.2 3 0 0 
4 0 0 4 0 0 64 6 1 
6 4 6 1 6 4 6 1 
T h r e s h o l d 7.0e 
n n n n -n o e o e 
0 6422 6422. 1 
1 39 38.8 
2 0 0.1 - 0 . 1 
3 0 0 
6461 
TABLE 4.2 Number o f t r i g g e r s s h o w i n g n p u l s e s i n t h e t a c h y o n 
d e t e c t o r i n t h e t i m e d o m a i n 20-260 us p r i o r t o t h e 
a r r i v a l o f an EAS s h o w e r f r o n t f o r d i f f e r e n t t h r e s h o l d 
e n e r g y l o s s e s i n t h e t a c h y o n d e t e c t o r . n Q i s t h e o b s e r v e d 
number o f e v e n t s a n d n g i s t h e e x p e c t e d number a s s u m i n g 
t h e e x p e c t e d number obeys a P o i s s o n d i s t r i b u t i o n . 
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t a b l e 4.2 t h a t an e x c e s s i s o b s e r v e d f o r s m a l l t h r e s h o l d e n e r g y 
l o s s e s ( < 0 . 7 e ) i n t h e d e t e c t o r , b u t t h e s e a r e s u b j e c t t o t h e 
e r r o r s p r e v i o u s l y m e n t i o n e d . F o r l a r g e r t h r e s h o l d e n e r g y l o s s e s 
(>0.7e) t h e a g r e e m e n t b e t w e e n t h e o b s e r v e d and e x p e c t e d number 
o f d o u b l e p u l s e e v e n t s i s r e m a r k a b l y good, i n d i c a t i n g no e v i d e n c e 
f o r a r e a l t a c h y o n f l u x . 
4.5 CONCLUSIONS 
A r e v i e w o f t a c h y o n s e a r c h e s i n a i r s h o w e r s i s g i v e n i n 
t a b l e 4.3. A l l e x p e r i m e n t s , e x c e p t t h o s e o f B h a t e t a l a nd 
A s h t o n e t a l have v e r y l o w t h r e s h o l d s f o r p o t e n t i a l t a c h y o n 
s i g n a l s a nd hence t h e m a j o r i t y o f t h e s e s i g n a l s w o u l d be due t o 
n o i s e , w i t h a c o n s e q u e n t d i l u t i o n o f s t a t i s t i c s . The t w o e x p e r i -
m ents w i t h h i g h e r t h r e s h o l d s ( i e . 3e) deny t h e p o s s i b i l i t y t h a t 
t a c h y o n s may p r o d u c e l o w e r p u l s e h e i g h t s i n t h e d e t e c t o r s . 
The p r e s e n t e x p e r i m e n t a l l o w s v a r i o u s r a n g e s o f p u l s e s t o 
be i n d i v i d u a l l y i n v e s t i g a t e d , s i n c e t h e p u l s e h e i g h t s a r e 
r e c o r d e d . T h i s means t h a t any t h r e s h o l d c a n be i n v e s t i g a t e d w i t h 
t h e minimum o f n o i s e c o n t a m i n a t i o n . A l s o , s i n c e t h e r e i s a 
p o s s i b i l i t y t h a t t a c h y o n p u l s e s m i g h t be p r e d o m i n a n t l y o f t h e 
same h e i g h t , one c a n i n v e s t i g a t e p u l s e h e i g h t b a n d s . 
I t h a s be e n c o n c l u d e d t h a t , u s i n g an u n s h i e l d e d p l a s t i c 
2 
s c i n t i l l a t o r d e t e c t o r o f 2 m a r e a and 2.5 cm t h i c k n e s s as a 
t a c h y o n d e t e c t o r , no e v i d e n c e has been f o u n d f o r a s i g n i f i c a n t 
f l u x o f t a c h y o n s ( a s s u m i n g t h a t t a c h y o n s i o n i s e a t a r a t e £ 2 4 % 
t h a t o f a r e l a t i v i s t i c rauon) i n a sa m p l e o f 6 4 6 1 e x t e n s i v e a i r 
s h o w e r s , a t s e a - l e v e l , g e n e r a t e d b y p r i m a r y c o s m i c r a y s o f 
15 
e n e r g y g r e a t e r t h a n 2.5 10 eV. I t s h o u l d be n o t e d t h a t as t h e 
measurements d e s c r i b e d h e r e w e r e i n s e n s i t i v e t o t a c h y o n s a r r i v i n g 
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i n t h e 20 ^zs b e f o r e t h e a r r i v a l o f t h e s h o w e r f r o n t i t i s 
e s t i m a t e d t h a t o n l y t a c h y o n s h a v i n g v e l o c i t y i n e x c e s s o f 
ft — 1 
a b o u t 4.5 10" ms w o u l d h ave b e e n d e t e c t e d i n t h e p r e s e n t w o r k . 
A v a r i a t i o n o f t h i s e x p e r i m e n t , w o u l d be t o s h i e l d t h e 
d e t e c t o r i n o r d e r t o r e d u c e n o i s e and p r o v i d e a t a c h y o n w i t h 
a more s u b s t a n t i a l t a r g e t , t o a l l o w t h e p o s s i b i l i t y o f 
s e c o n d a r y p a r t i c l e p r o d u c t i o n i n n u c l e a r i n t e r a c t i o n s . I f t h e 
s e c o n d a r i e s i n c l u d e d c h a r g e d , s u b l u m i n a l , p a r t i c l e s t h e n t h e y 
w o u l d be d e t e c t e d a n d t h e r e s u l t i n g d a t a c o u l d be p r o c e s s e d as 
d e s c r i b e d above. Of c o u r s e , t h i s s t i l l r e l i e s on t h e t a c h y o n 
i n t e r a c t i n g w i t h s o l i d m a t t e r . U n t i l a more r e l i a b l e t h e o r y i s 
d e v e l o p e d , t a c h y o n s e a r c h methods w i l l c o n t i n u e t o be b a s e d on 
i d e a s w h i c h may be w r o n g , b u t an i m p r o v e d t h e o r y r e q u i r e s t h e 
s p u r o f e x p e r i m e n t a l r e s u l t s , u n l e s s i t a p p e a r s as a c o n s e q u e n c e 
o f an ' e s t a b l i s h e d 1 t h e o r y . 
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CHAPTER 5 
THE MODIFIED AIR SHOWER ARRAY 
5.1 INTRODUCTION 
As d e s c r i b e d i n c h a p t e r 2, t h e a i r s h o w e r a r r a y was f o u n d 
t o h a v e many p r o b l e m s . C o n s e q u e n t l y a number o f m o d i f i c a t i o n s 
w e r e made t o t h e d e t e c t o r s . These c o n s i s t e d o f : 
( i ) i m p r o v i n g t h e EHT d i s t r i b u t i o n . 
( i i ) m o d i f i c a t i o n s t o t h e h u t s a nd b o x e s . 
( i i i ) f i t t i n g o f l i g h t e m i t t i n g d i o d e s i n t h e d e t e c t o r s t o a i d 
c a l i b r a t i o n . 
To i m p r o v e d a t a c o l l e c t i o n and a n a l y s i s , t h e necessary-
e l e c t r o n i c s w e r e b u i l t t o i n t e r f a c e t h e a n a l o g u e m u l t i p l e x e r (AM) 
t o a PET m i c r o c o m p u t e r and t h e s o f t w a r e w r i t t e n t o a l l o w a u t o -
m a t i c d a t a c o l l e c t i o n . 
Because o f t h e e x t e n t o f t h e m o d i f i c a t i o n s , o n l y f i v e 
d e t e c t o r s (C,11,31,51,52) w e r e t r e a t e d . However t h e e l e c t r o n i c s 
and c o m p u t e r p r o g r a m s w e r e d e s i g n e d so t h a t e x t r a d e t e c t o r s c o u l d 
be added t o t h e s y s t e m w i t h l i t t l e e f f o r t . 
5.2 MODIFICATIONS TO THE ARRAY 
5.2.1 H u t s and Boxes 
The l a r g e w e i g h t o f t h e w e a t h e r - p r o o f e d h u t s p r e v e n t e d 
e a s y a c c e s s t o t h e s c i n t i l l a t o r b o x and p r e c l u d e d r a p i d r e p a i r 
o f t h e d e t e c t o r , w h i c h i s e s p e c i a l l y i m p o r t a n t when o n l y a f e w 
d e t e c t o r s a r e a v a i l a b l e . To remedy t h i s one e n d p a n e l was made 
r e m o v a b l e . Wheels w e r e t h e n a t t a c h e d , t o t h e s i d e s , w h i c h c o u l d 
be r a i s e d and l o w e r e d so t h a t when l o w e r e d t h e y l i f t e d t h e h u t 
o f f t h e g r o u n d , and w i t h t h e end p a n e l removed, t h e h u t c o u l d 
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be r o l l e d away f r o m t h e d e t e c t o r . 
The o t h e r m a i n p r o b l e m was l i g h t l e a k s . B l a c k foam r u b b e r 
s t r i p was a t t a c h e d a r o u n d t h e edges o f t h e a c c e s s p a n e l s on t h e 
s c i n t i l l a t o r b ox and, i n a d d i t i o n , any p o t e n t i a l gaps w e r e 
s e a l e d w i t h a l u m i n i u m f o i l t a p e . However t h i s has t o be r e p l a c e d 
a t e v e r y a c c e s s b u t was n e c e s s a r y as e v e n a v e r y s m a l l amount 
o f l i g h t w o u l d swamp t h e s i n g l e p a r t i c l e peak, as d i s p l a y e d on 
t h e p u l s e h e i g h t a n a l y s e r . 
5.2.2 EHT D i s t r i b u t i o n 
T h e r e were t w o m a i n p r o b l e m s . The f i r s t was t h a t t o o h i g h 
a v o l t a g e was b e i n g d e l i v e r e d f r o m t h e l a b o r a t o r y and h e n c e an 
u n n e c e s s a r i l y l a r g e d r o p h a d t o be made a t e a c h d e t e c t o r . The 
s e c o n d was t h e s w i t c h e s and p o t e n t i o m e t e r s u s e d f o r t h e v o l t a g e 
d r o p p i n g a t t h e d e t e c t o r s . These w e r e v e r y s u s c e p t i b l e t o d i r t 
and damp. A l s o t h e l a r g e d r o p i n p o t e n t i a l meant t h a t t h e r e s i s t o r s 
w e r e w o r k i n g c l o s e t o t h e l i m i t s o f t h e i r t o l e r a n c e , t h u s r e s u l t i n g 
i n f r e q u e n t f a i l u r e . The d r o p p e r u n i t s w e r e r e b u i l t u s i n g f i x e d 
r e s i s t o r s o n l y , l o c a t e d on t a g s t r i p s . Where p o s s i b l e t h e d r o p p e r 
c h a i n o f e a c h t u b e was made up o f e q u a l v a l u e d r e s i s t o r s t o s p r e a d 
t h e l o a d . A l t h o u g h t h i s made i t more d i f f i c u l t t o a d j u s t t h e 
v o l t a g e on e a c h t u b e , o n ce s e t up i t was more u n l i k e l y t h a t t h e 
v o l t a g e w o u l d r e q u i r e a d j u s t m e n t due t o t h e g r e a t e r r e l i a b i l i t y . 
T h i s was f o u n d t o be s o . 
W i t h t h e r e b u i l d i n g o f t h e d i s t r i b u t i o n u n i t s and a know-
l e d g e o f t h e maximum t u b e v o l t a g e r e q u i r e m e n t ( o b t a i n e d f r o m t h e 
c a l i b r a t i o n o f t h e u n m o d i f i e d a r r a y ) a much l o w e r EHT s u p p l y 
v o l t a g e c o u l d be u s e d . T h i s was 1.6 kV, a r e d u c t i o n o f a t h i r d 
on t h e o r i g i n a l s u p p l y . D u r i n g t h e o p e r a t i o n o f t h e m o d i f i e d a r r a y , 
no t r o u b l e was g i v e n b y t h e EHT d i s t r i b u t i o n . 
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5.2.3 Head A m p l i f i e r s 
The o l d head a m p l i f i e r s w e r e l o c a t e d i n bo x e s r e c e s s e d 
i n t h e s c i n t i l l a t o r b o x. To e x a m i n e t h e i n d i v i d u a l p h o t o m u l t i p l i e 
t u b e s (PMTs), t h e a m p l i f i e r h a d t o be removed and t h e w i r e s f r o m 
t h e o t h e r PMTs h a d t o be u n s o l d e r e d . 
M o d i f i c a t i o n s w e r e made so t h a t t h e w i r e s f r o m t h e PMTs 
were t e r m i n a t e d i n s o c k e t s on a p l a t e f l u s h w i t h t h e s i d e o f t h e 
s c i n t i l l a t o r b o x ( t h u s a l s o m a k i n g t h e box more l i g h t - t i g h t ) . 
New h e a d a m p l i f i e r s w e r e made a n d p l a c e d i n w e a t h e r - p r o o f p l a s t i c 
b o x e s w h i c h h a d an i n p u t l e a d f o r e a c h t u b e . I n a d d i t i o n t o m a k i n 
i t e a s i e r t o e x a m i n e a s i n g l e PMT o u t p u t , i t made r e p a i r a n d 
s u b s t i t u t i o n o f h e a d a m p l i f i e r s s i m p l e . 
5.2.4 C a l i b r a t i o n L i g h t E m i t t i n g D i o d e s 
P r e v i o u s l y , t h e o n l y t h o r o u g h c h e c k on t h e s t a b i l i t y o f 
t h e c a l i b r a t i o n was t o k e e p r e c a l i b r a t i n g w h i c h i s t i m e c o n s u m i n g 
I t was d e c i d e d t o i n s t a l l a l i g h t e m i t t i n g d i o d e (LED) on e a c h 
s c i n t i l l a t o r t o p r o d u c e l i g h t p u l s e s o f known s i z e a n d shape 
and t h u s e n a b l e a q u i c k c h e c k o n s y s t e m o p e r a t i o n , when r e q u i r e d . 
2 2 
I n t h e 1 m and 0.75 m d e t e c t o r s t h e d i o d e s w e re p u t a t 
2 
t h e c e n t r e o f t h e t o p s u r f a c e o f ea c h s c i n t i l l a t o r . On t h e 2 m 
d e t e c t o r s one was p l a c e d a t t h e c e n t r e o f e a c h end f a c e o f t h e 
s c i n t i l l a t o r . P u l s e s a r e s e n t f r o m t h e l a b o r a t o r y , u s i n g t h e 
s p a r e c a b l e , and t h e o u t p u t f r o m t h e d e t e c t o r o b s e r v e d on an 
o s c i l l o s c o p e . I f a s i g n i f i c a n t change i n t h e c a l i b r a t i o n was 
n o t e d , t h e c a u s e c o u l d be i n v e s t i g a t e d and a new c a l i b r a t i o n 
made. However t h i s d i d n o t o c c u r d u r i n g t h e p e r i o d o f o p e r a t i o n . 
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5.3 DATA COLLECTION ELECTRONICS 
5.3.1 I n t r o d u c t i o n 
The e l e c t r o n i c u n i t s , u s e d p r e v i o u s l y , w e r e r e t a i n e d w i t h 
t h e e x c e p t i o n o f t h e camera d r i v e u n i t . I n s t e a d o f t h e ca m e r a / 
o s c i l l o s c o p e c o m b i n a t i o n , a PET m i c r o c o m p u t e r was u s e d and t h i s 
r e q u i r e d t h e c o n s t r u c t i o n o f an i n t e r f a c e t o d i g i t i s e t h e d a t a 
a n d p r e s e n t i t t o t h e PET i n t h e r e q u i r e d f o r m . A b l o c k d i a g r a m 
o f t h e e l e c t o n i c s i s shown i n f i g u r e 5 . 1 . 
5.3.2 B u r s t P u l s e G e n e r a t o r 
T h i s c o n s i s t s o f a 555 t i m e r IC w h i c h p r o d u c e s a c o n t i n u o u s 
t r a i n o f TTL p u l s e s , e n v e l o p e d b y t h e o u t p u t o f a 74121 mono-
s t a b l e I C , a s shown i n f i g u r e 5.2. A d j u s t m e n t o f t h e m a r k - s p a c e 
r a t i o o f t h e t i m e r and t h e o u t p u t p u l s e l e n g t h o f t h e m o n o s t a b l e 
a l l o w s t h e i n t e r v a l b e t w e e n p u l s e s and t h e number o f p u l s e s t o 
be a l t e r e d . On a r r i v a l o f a showe r t r i g g e r p u l s e t h e u n i t i s 
t r i g g e r e d and t h e p u l s e t r a i n o u t p u t f e d t o t h e m u l t i p l e x e r . 
D a t a f r o m t h e m u l t i p l e x e r i s t h e n o u t p u t i n s e r i a l f o r m a t a 
s p a c i n g g o v e r n e d b y t h e p u l s e i n t e r v a l . T h i s i n t e r v a l has t o be 
s m a l l e n o u g h so t h a t t h e r e i s n e g l i g i b l e l o s s i n t h e m u l t i p l e x e r 
s ample a n d h o l d s b u t l o n g enough t o a l l o w t i m e f o r d i g i t i s a t i o n 
and r e c o r d i n g . 
5.3.3 A n a l o g u e M u l t i p l e x e r 
T h i s c o n s i s t s o f two t y p e s o f u n i t s . The f i r s t , m a s t e r , 
u n i t (NE 4509) p r o v i d e s t h e c o n t r o l f u n c t i o n f o r h o l d i n g t h e 
i n f o r m a t i o n . I t has e i g h t i n p u t s , one b e i n g f o r t h e ' h o l d ' p u l s e 
and t h e o t h e r s (numbered 1 t o 7) f o r t h e a n a l o g u e i n p u t s i g n a l s . 
The f i r s t s i x h a v e an i n p u t i m pedance o f 50fi. a n d t h e s e v e n t h 
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has one o f 700A. The o t h e r u n i t i s a s l a v e (NE 4 5 1 0 ) , o f w h i c h 
t h r e e a r e a v a i l a b l e f o r use b u t o n l y one i s r e q u i r e d f o r t h e 
f i v e d e n s i t y and t h r e e t i m i n g c h a n n e l s . These a r e s i m i l a r t o t h e 
m a s t e r u n i t b u t l a c k t h e c o n t r o l c i r c u i t r y . A l l u n i t s s h a r e a 
h o l d and r e l e a s e p u l s e w h i c h a r e i n p u t v i a t h e m a s t e r u n i t . 
Each o f t h e 50X1 i n p u t c h a n n e l s has a l i n e a r r e s p o n s e , a g a i n o f 
a p p r o x i m a t e l y 0.4 and a s a t u r a t i o n i n p u t o f a b o u t 9.5V. 
On r e c e i v i n g t h e t r i g g e r p u l s e , t h e m a s t e r u n i t g e n e r a t e s 
h o l d p u l s e s f o r e a c h sample and h o l d , s i t u a t e d i n t h e i n p u t l i n e s . 
The t r a i n o f p u l s e s f r o m t h e b u r s t p u l s e g e n e r a t o r t h e n o p e r a t e s 
a c o u n t e r i n t h e m a s t e r u n i t a nd r e l e a s e s e a c h c h a n n e l , i n t u r n , 
b y means o f an AM 3 70 5 a n a l o g u e m u l t i p l e x e r I C . 
The d r o o p r a t e o f t h e m u l t i p l e x e r s ample and h o l d s i s 
a p p r o x i m a t e l y 2 50 mv V ^ s ^ and, t h e r e f o r e , i t i s n e c e s s a r y t o 
r e l e a s e t h e d a t a w i t h i n 50 ms t o p r e v e n t s i g n i f i c a n t (~1%) 
d e g r a d a t i o n o f t h e d a t a . The o t h e r i m p o r t a n t p a r a m e t e r o f t h e 
m u l t i p l e x e r i s t h e w i d t h o f t h e o u t p u t p u l s e s , t h i s b e i n g 5 jis. 
5.3.4 M u l t i p l e x e r - PET I n t e r f a c e 
A DATEL ADC-HX12BGC 1 2 - b i t s u c c e s s i v e a p p r o x i m a t i o n ADC 
was c h o s e n t o d i g i t i s e t h e d a t a . C h o o s i n g t h e d i g i t i s a t i o n r a t e 
i s a c o m p r o m i s e b e t w e e n c o s t and s p e e d . The f a s t e r t h e d i g i t i s a t i o n , 
t h e l e s s p u l s e h e i g h t i s l o s t i n t h e sa m p l e and h o l d s . A l s o t h e 
speed s h o u l d be l e s s t h a n t h e t i m e t a k e n b y t h e p r o g r a m b e t w e e n 
r e a d i n g e a c h p u l s e h e i g h t . The maximum d i g i t i s a t i o n t i m e o f 20 ^ us 
was s u f f i c i e n t f o r t h i s p u r p o s e . Because o f t h e n a r r o w n e s s o f 
t h e m u l t i p l e x e r o u t p u t p u l s e s , a sa m p l e and h o l d was r e q u i r e d 
t o p r e s e r v e t h e p u l s e h e i g h t l o n g e n o u g h f o r d i g i t i s a t i o n . An 
LF398 s a m p l e and h o l d I C was u s e d w h i c h has a d r o o p r a t e o f 
- 7 1 -
50 mV V _ 1 s _ 1 . 
The sample and h o l d and ADC a r e c o n t r o l l e d by p u l s e s 
d e r i v e d f r o m t h e b u r s t p u l s e g e n e r a t o r a f t e r s m a l l d e l a y s (~3p_s) 
h a v e b e e n i n t r o d u c e d t o o p t i m i s e p u l s e c a p t u r e and d i g i t i s a t i o n 
b y a l l o w i n g t h e h e l d p u l s e t o s e t t l e . A t i m i n g d i a g r a m f o r t h e 
p r o c e s s i s g i v e n i n f i g u r e 5.3. 
The o t h e r m a i n component o f t h e i n t e r f a c e i s a 74157 
d i g i t a l m u l t i p l e x e r . T h i s i s n e c e s s a r y b e c a u s e t h e PET i s an 
8 - b i t m a c h i n e and t h e 1 2 - b i t ADC o u t p u t has t o be d e l i v e r e d i n 
t w o p a r t s . T h i s i s done u n d e r p r o g r a m c o n t r o l . 
The o p e r a t i o n o f t h e i n t e r f a c e i s d e s c r i b e d i n t h e n e x t 
s e c t i o n and t h e c i r c u i t i s g i v e n i n f i g u r e 5.4. 
5.4 MICROCOMPUTER DATA RECORDING 
5.4.1 I n t r o d u c t i o n 
The o u t p u t o f t h e b u r s t p u l s e g e n e r a t o r was s e t t o t w e l v e 
p u l s e s a t 2i£sr i n t e r v a l s . C o n s e g u e n t l y n o t a l l c h a n n e l s w e r e 
u s e d . T h i s was d e l i b e r a t e b e c a u s e t h e u n u s e d c h a n n e l s c o u l d be 
u s e d as m a r k e r s t o c h e c k f o r c h a n n e l ' d r o p o u t s ' ( i n f r e q u e n t l y , 
u n d e r c e r t a i n , u n d e t e r m i n e d , c o n d i t i o n s , one o r more c h a n n e l s 
w o u l d n o t a p p e a r a t t h e m u l t i p l e x e r o u t p u t ) and ADC g a i n . A l s o , 
t h e c o n s t a n t , h o l d p u l s e was p r o c e s s e d t h r o u g h t h e s y s t e m and 
c o u l d a l s o be u s e d as a g a i n c h e c k . 
The s p e e d r e q u i r e d f o r d a t a i n p u t r u l e d o u t a BASIC 
r o u t i n e f o r d a t a r e a d i n g and t h e r e f o r e a m a c h i n e code r o u t i n e 
was r e q u i r e d . A s e c o n d r e q u i r e m e n t was f o r t h e p e r m a n e n t s t o r a g e 
o f d a t a . The f i n a l r e q u i r e m e n t was t h a t t h e d a t a c o l l e c t i o n 
s h o u l d be i n t e r r u p t d r i v e n . T h i s means t h a t d a t a i s r e a d o n l y 
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when a s i g n a l i s r e c e i v e d f r o m t h e ADC and a l l o w s p r o g r a m s ( e g . 
f o r d a t a p r o c e s s i n g ) t o be r u n w h i l e t h e a r r a y i s i n o p e r a t i o n . 
S i n c e t h e r a t e o f sh o w e r s i s £20 h r _ 1 f o r t h e i n n e r r i n g t r i g g e r 
t h i s p r o v i d e s a c o n s i d e r a b l e t i m e s a v i n g , i n t h a t p r o c e s s i n g 
can p r o c e e d s i m u l t a n e o u s l y w i t h d a t a c o l l e c t i o n . 
The m i c r o c o m p u t e r s y s t e m c o n s i s t s o f a Commodore PET 
2001 w i t h 32K b y t e s o f memory, d u a l C o m p u t h i n k d i s c d r i v e s w i t h 
800K b y t e c a p a c i t y and an Anadex DP8000 p r i n t e r . The e x p e r i m e n t 
was a t t a c h e d t o t h e ' u s e r ' p o r t , an 8 - b i t i n p u t / o u t p u t p o r t , 
w i t h t w o c o n t r o l l i n e s , w h i c h i s memory-mapped. The c a b l e f r o m 
t h e i n t e r f a c e c o n s i s t s o f e i g h t d a t a l i n e s , a c o n t r o l l i n e a l o n g 
w h i c h t h e 'end o f c o n v e r s i o n 1 s i g n a l i s s e n t f r o m t h e ADC t o 
i n i t i a t e t h e d a t a r e a d s e q u e n c e , and a c o n t r o l l i n e f r o m t h e 
PET t o t h e d i g i t a l m u l t i p l e x e r t o e n a b l e a l l 12 b i t s t o be r e a d . 
5.4.2 C o n t r o l S o f t w a r e 
T h e r e a r e t h r e e p r o g r a m s i n v o l v e d i n t h e d a t a c o l l e c t i o n 
p r o c e s s . L i s t i n g s a r e g i v e n i n a p p e n d i x A. 
a) STORE.GO : T h i s i s t h e m a i n m a c h i n e code p r o g r a m w h i c h r e a d s 
and s t o r e s d a t a . I t i s r e s i d e n t a t t h e t o p o f 
u s e r memory w h i l e t h e a r r a y i s i n o p e r a t i o n 
b u t i s p r o t e c t e d f r o m i n t e r f e r e n c e f r o m BASIC 
p r o g r a m s . 
b) SET.GO t T h i s i s an i n i t i a l i s a t i o n p r o g r a m w h i c h s e t s 
up c o n s t a n t s and r e g i s t e r s u s e d b y STORE„GO. 
c) SETUP : T h i s i s a BASIC i n i t i a l i s a t i o n p r o g r a m w h i c h 
a s k s t h e u s e r v a r i o u s q u e s t i o n s a b o u t how t h e 
d a t a i s t o be s t o r e d a nd t h e n s e t s up t h e 
r e l e v a n t p a r a m e t e r s . 
-73-
The s e q u e n c e o f o p e r a t i o n o f STORE.GO i s g i v e n i n t h e f l o w 
c h a r t w h i c h i s shown i n f i g u r e 5.5. 
The o u t p u t f r o m t h e ADC c o n s i s t s o f t w e l v e 1 2 - b i t w o r d s 
a t i n t e r v a l s o f 2xns. A t t h e t i m e e a c h i s p r o d u c e d an 'end o f 
c o n v e r s i o n ' (EOC) p u l s e i s a l s o p r o d u c e d . I n i t i a l l y o n l y t h e 
e i g h t m o s t s i g n i f i c a n t b i t s (MSB) a r e p r e s e n t e d t o t h e u s e r p o r t , 
w h i c h i s i n p u t on r e c e i p t o f t h e EOC p u l s e . The PET t h e n sends 
a p u l s e t o t h e d i g i t a l m u l t i p l e x e r w h i c h t h e n o u t p u t s t h e o t h e r 
f o u r , l e a s t s i g n i f i c a n t , b i t s (LSB) t o t h e u s e r p o r t . I t i s n o t e d 
t h a t t h e f o u r MSBs a r e r e a d a g a i n and t h e s e a r e removed b y 
l o g i c a l l y 'ORing' w i t h 15 ($0F h e x a d e c i m a l ) . 
When t h e f i r s t EOC p u l s e i s r e c e i v e d , an i n t e r r u p t i s 
p r o d u c e d i n t h e p r o c e s s o r and t h i s c a u s e s t h e STORE.GO r o u t i n e 
t o be e x e c u t e d . The f i r s t e i g h t b i t s a r e r e a d and s t o r e d i n a 
b u f f e r memory, r e s e r v e d i n t h e u s e r memory j u s t b e l o w t h e c o n t r o l 
p r o g r a m . A p u l s e i s t h e n s e n t t o t h e d i g i t a l m u l t i p l e x e r and t h e 
n e x t e i g h t b i t s a r e r e a d . , w h i c h a r e s t o r e d i n t h e n e x t l o c a t i o n . 
T h i s p r o c e s s i s r e p e a t e d f o r a l l t w e l v e i n p u t s . I f t o o many o r 
t o o few EOC p u l s e s a r e r e c e i v e d , t h e n t h e d a t a i s i g n o r e d ( e g . 
i n t h e c a s e o f a s p u r i o u s t r i g g e r ) . The shower number, t i m e 
( f r o m t h e PET's i n t e r n a l c l o c k ) and a d e l i m i t e r ($FF) , t o 
d e n o t e t h e e n d o f t h e d a t a s t r i n g , a r e t h e n s t o r e d . F a c i l i t i e s 
a r e i n c l u d e d t o d e t e c t e r r o r s i n t h e d a t a i n p u t t o p r e v e n t 
c o r r u p t i o n o f d a t a . 
The d a t a c a n t h e n be s t o r e d on f l o p p y d i s c . T h i s i s done 
a u t o m a t i c a l l y a t a p r e d e t e r m i n e d i n t e r v a l w h i c h c a n be a n y t h i n g 
f r o m 1 t o 191 sh o w e r s p e r f i l e . T h i s i s c h o s e n as a co m p r o m i s e 
b e t w e e n t h e dead t i m e i n v o l v e d i n s t o r i n g t h e d a t a on d i s c 
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( u p t o 3s) and t h e r i s k o f pow e r d i p s o r f a i l u r e w h i c h w o u l d 
c a u s e l o s s o f d a t a . When a f i l e i s f u l l , a n o t h e r f i l e i s s t a r t e d 
and s i m i l a r l y f o r f u l l d i s c s . When b o t h d i s c s a r e f u l l , a message 
i s d i s p l a y e d t o t e l l t h e o p e r a t o r t o change d i s c s and a l l o w s 
a b o u t 8 h o u r s i n w h i c h t o r e s p o n d . The dead t i m e due t o t h e 
f 5 
w h o l e p r o c e s s o f r e a d i n g and s t o r i n g t h e d a t a i s a b o u t 2-5ms 
( u n l e s s a d i s c s a ve i s e x e c u t e d ) w h i c h i s n e g l i g i b l e when 
c o m p a r e d t o t h e r a t e o f s h o w e r s . T h i s m e t h o d o f s t o r a g e a l l o w s 
14898 s h o w e r s t o be s t o r e d b e f o r e t h e d i s c s r e q u i r e c h a n g i n g . 
T h i s i s e q u i v a l e n t t o a p e r i o d o f a b o u t 30 d a y s c o n t i n u o u s 
r u n n i n g . 
A n o t h e r t a s k p e r f o r m e d b y t h e p r o g r a m i s t o m a i n t a i n 
t h e i n t e r n a l c l o c k , w h i c h i s d i s a b l e d when t h e i n t e r r u p t i s 
o p e r a t e d . A l s o v a r i o u s memory l o c a t i o n s h a ve t o be r e s t o r e d t o 
t h e i r v a l u e s p r i o r t o t h e i n t e r r u p t when t h e d a t a has been r e a d 
i n . E x t e n s i o n o f t h e a r r a y c a n e a s i l y be a c c o m o d a t e d b y t h e 
c h a n g i n g o f s e v e r a l v a r i a b l e s i n t h e p r o g r a m . The t i m i n g d i a g r a m 
f o r d a t a b e i n g r e a d i n t o t h e PET i s g i v e n i n f i g u r e 5.6. 
5.4.3 R u n n i n g t h e D a t a R e c o r d i n g S y s t e m 
The t h r e e p r o g r a m s a r e l o a d e d i n t h e o r d e r : STORE.GO, 
SET.GO,SETUP. The l a t t e r i s r u n . The u s e r i s a s k e d f o r d e t a i l s 
o f t h e d a t a s t o r a g e , eg. t h e t i m e o f s t a r t i n g ; t h e number o f 
show e r s p e r f i l e ( t o a maximum o f 191) ; t h e number o f f i l e s p e r 
d i s c ( t o a maximum o f 39 f o r an empty d i s c ) ; d i s c d r i v e number 
( 1 o r 2 ) ; t h e number o f s h o w e r s b e f o r e a d i s c s a v e i s i m p l e m e n t e d . 
A f t e r t h e s e d e t a i l s h a v e b e e n e n t e r e d , t h e s c a l a r i s r e s e t and 
t h e s y s t e m i s t h e n o n - l i n e . The m i c r o c o m p u t e r i s s t i l l a v a i l -
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p r o g r a m RESET.GO i s l o a d e d and r u n w h i c h p u t s t h e d a t a c o l l e c t i o n 
s y s t e m o f f - l i n e . 
5.5 CALIBRATION OF THE RECORDING SYSTEM 
C a l i b r a t i o n o f t h e s y s t e m was done i n t o t a l so t h a t t h e 
r e s u l t was a s e t o f c o e f f i c i e n t s f o r e a c h c h a n n e l w h i c h a l l o w e d 
t h e 1 2 - b i t b i n a r y number t o be c o n v e r t e d d i r e c t l y t o e i t h e r t i m e 
o r d e n s i t y d e p e n d i n g on w h i c h c h a n n e l i s u n d e r c o n s i d e r a t i o n . 
F o r t h e t i m i n g c h a n n e l s t h e TACs w e r e s e t t o g i v e t h e i r 
f u l l o u t p u t p u l s e h e i g h t f o r 500ns d e l a y . H a r w e l l RL101 d e l a y 
l i n e u n i t s w e r e u s e d t o p r o d u c e a p l o t o f d e l a y v e r s u s ADC 
o u t p u t . These c o u l d b e r e p r e s e n t e d a p p r o x i m a t e l y b y t w o s t r a i g h t 
l i n e s ( s e e f i g u r e 5.7) and t h e c o e f f i c i e n t s o b t a i n e d a r e g i v e n 
i n t a b l e 5 . 1 . I t was f o u n d n e c e s s a r y , i n o r d e r t o c e n t r a l i s e 
t h e t i m i n g d i s t r i b u t i o n s i n t h e 500ns r a n g e , t o i n t r o d u c e a 
130 ns d e l a y i n t h e t i m i n g p u l s e f r o m d e t e c t o r C. A H a r w e l l u n i t 
was u s e d t o p r o v i d e t h i s . 
D e n s i t y c h a n n e l s w e r e c a l i b r a t e d u s i n g a NE P r e c i s i o n 
P u l s e G e n e r a t o r p r o d u c i n g 10 us d e c a y t i m e p u l s e s . P l o t s o b t a i n e d 
w e r e a good f i t t o a s t r a i g h t l i n e ( f i g u r e 5.8) and t h e c o e f f i c -
i e n t s o b t a i n e d a r e g i v e n i n t a b l e 5.2. One p r o b l e m i n c a l i b r a t i n g 
t h e d e n s i t y c h a n n e l s i s t h a t t h e t i m e t a k e n f o r t h e p u l s e t o 
r e a c h i t s maximum v a r i e s w i t h t h e p u l s e h e i g h t . One r e s u l t o f 
t h i s i s t h a t t h e p o s i t i o n o f t h e h o l d p u l s e j i t t e r s . M e asurements 
w e r e c a r r i e d o u t t o d e t e r m i n e t h e c h a r a c t e r i s t i c s o f t h e d e n s i t y 
p u l s e s a nd t h e t i m i n g o f t h e h o l d p u l s e . U s i n g t h e s e a l l o w e d 
r e c o n s t r u c t i o n o f t h e p u l s e so t h a t t h e maximum h e i g h t c o u l d be 





— I I 
300 400 500 
Time delay input (ns) 
Example o f t i m i n g c h a n n e l c a l i b r a t i o n (Ch 11) 
DETECTOR 
F 
B y t e s 1500 
F 
B y t e s 1500 
G 
B y t e s 1500 
G 
B y t e s 1500 
11 0 . 152 0. 144 4 . 645 11.43 
31 0. 158 0 . 14 9 -2.962 7.681 
51 0. 156 0 . 148 -1.159 8. 104 
TABLE 5.1 : Time t o a m p l i t u d e c o n v e r t e r c o e f f i c i e n t s 
T I M E ( n s ) = Fx(BYTES) + G 
DETECTOR DA DB 
C 0.00284 0. 1659 
11 0.00272 0. 1412 
31 0.00272 0.1284 
51 0.00281 0.1411 
52 0.00274 0.1456 
TABLE 5.2 : D e n s i t y c h a n n e l c o e f f i c i e n t s 
D e n s i t y P u l s e H e i g h t = DA "(BYTES) + DB 
/ 
7 8 9 10 
Density input ( v ) 
FIGURE 5.8 : Example o f D e n s i t y C h a n n e l C a l i b r a t i o n (Ch 11) 
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5.6 CALIBRATION OF THE MODIFIED ARRAY 
The a r r a y was c a l i b r a t e d as d e s c r i b e d i n c h a p t e r 2. Each 
t u b e was t e s t e d by p l a c i n g i t i n a l i g h t - t i g h t b o x , i n w h i c h a 
LED was p l a c e d , f a c i n g t h e t u b e . The d i o d e was f e d b y a p u l s e 
g e n e r a t o r w i t h a 1.6V, 0.6us w i d t h r e c t a n g u l a r p u l s e a t lK H z . 
The o u t p u t o f e a c h t u b e was me a s u r e d as a f u n c t i o n o f t h e a p p l i e d 
v o l t a g e . From t h e t u b e ' s r e s p o n s e and t h e mode o f t h e p a r t i c l e 
p e a k , a t a g i v e n v o l t a g e , i t was p o s s i b l e t o e s t i m a t e t h e v o l t a g e 
r e q u i r e d f o r c a l i b r a t i o n . T h i s c o n s i d e r a b l y speeded up t h e c a l i b -
r a t i o n p r o c e d u r e . 
The r e s u l t i n g PHA d i s t r i b u t i o n modes and t h e c o e f f i c i e n t s 
o b t a i n e d f r o m t h e m a r e shown i n t a b l e 5.3 w h i c h a l s o shows t h e 
v o l t a g e s a p p l i e d t o i n d i v i d u a l t u b e s . 
B e s i d e s t h e use o f d i o d e s , c h e c k s on t h e c a l i b r a t i o n 
c o u l d be o b t a i n e d f r o m t h e s t u d y o f t h e d i s t r i b u t i o n s o f o u t p u t 
d e n s i t i e s f r o m e a c h d e t e c t o r o v e r t h e p e r i o d o f o p e r a t i o n . However, 
as n o t e d p r e v i o u s l y , no n o t i c a b l e s h i f t o c c u r r e d d u r i n g t h e 
p e r i o d o f o p e r a t i o n . 
The r e s p o n s e o f t h e a r r a y was e s t i m a t e d f o l l o w i n g t h e 
met h o d d e s c r i b e d i n a p p e n d i x B f o r t h e t r i g g e r u s e d ( i e . A c = 4 m 
A„, A.3l ,A5,, a l l = 2m ) . The r a n g e o f s h o w e r s i z e s a n d c o r e 
d i s t a n c e s o v e r w h i c h t h e a r r a y i s c a l c u l a t e d t o be s e n s i t i v e a r e 
shown i n f i g u r e s 5.9 and 5.10. 
5.7 CONCLUSIONS 
The o p e r a t i o n o f t h e a i r shower a r r a y , as m o d i f i e d , has 
been d e s c r i b e d . A t t e m p t s t o i m p r o v e i t s r e l i a b i l i t y and ease 
o f m a i n t a i n a n c e have been i n s t i t u t e d w i t h some s u c c e s s . 
D e t e c t o r 
E l e m e n t 
Tube 
O p e r a t i n g 
V o l t a g e 
(kv) 
Mode o f PHA 






















































TABLE 5.3 : O p e r a t i n g V o l t a g e s and O u t p u t C h a r a c t e r i s t i c s 








10 10 10 10 
Shower s ize .N 
FIGURE 5.9 : Rate o f sh o w e r s o f s i z e g r e a t e r t h a n N w h i c h 








40 60 80 0 20 00 
Core distance,r (m) 
FIGURE 5.10 Rate o f t r i g g e r i n g s h o w e r s whose c o r e s f a l l 
a t a d i s t a n c e g r e a t e r t h a n r f r o m t h e c e n t r e 
o f t h e a r r a y . (At>4m"1,ii„j,J1»2m"J) 
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Th e c o l l e c t i o n o f d a t a has been a u t o m a t e d and t h i s r e s u l t s 
i n t h e s t o r a g e o f raw d a t a on f l o p p y d i s c . The d a t a can t h e n be 
r e t r i e v e d and u s e d , i n c o n j u n c t i o n w i t h t h e c o e f f i c i e n t s d e t e r -
m i n e d f r o m t h e c a l i b r a t i o n , t o p r o d u c e t h e shower a x i s d i r e c t i o n , 
t h e s h o w e r s i z e and t h e c o r e l o c a t i o n . T h i s p r o c e s s i n g c a n 
p r o c e e d a t t h e same t i m e as t h e a r r a y i s i n o p e r a t i o n , t h u s 
s a v i n g t h e need f o r o t h e r c o m p u t i n g f a c i l i t i e s . T h i s p r o c e s s i n g 
i s d e s c r i b e d i n t h e n e x t c h a p t e r . 




The data c o l l e c t i o n system has been described i n chapter 
5. The data f o r a shower consists of a s t r i n g of bytes, stored 
i n consecutive memory l o c a t i o n s . I t i s from t h i s data t h a t the 
a i r shower parameters are determined. Two programs are used f o r 
data processing. The f i r s t r e t r i e v e s the data, f o r each shower, 
from d i s c . Using the c a l i b r a t i o n c o e f f i c i e n t s f o r each channel, 
the p a r t i c l e d e n s i t i e s i n each d e t e c t o r and time delays are 
determined and the shower axis d i r e c t i o n i s c a l c u l a t e d from the 
delays. This data i s then stored on disc as w e l l as being p r i n t e d 
out. The second program takes the d e n s i t y i n f o r m a t i o n and the 
shower axis d i r e c t i o n and determines the estimated core l o c a t i o n 
and shower size which are stored and p r i n t e d out. The basic shower 
parameters are then a v a i l a b l e f o r a n a l y s i s . 
6.2 PROGRAM 'DATAPROC' 
A t y p i c a l s t r i n g of shower data i s shown i n f i g u r e 6.1. 
I t c o nsists of a s t r i n g of 26 bytes, each formed of two hexa-
decimal d i g i t s . Table 6.1 shov/s the p o s i t i o n of each piece of 
data i n the s t r i n g . 
The f i r s t o p e r a t i o n of the program i s t o load a l l the 
shower data of a given f i l e i n t o memory. Each shower i s then 
processed consecutively. Data which i s r e q u i r e d by the program, 
i n i t i a l l y , i s the filename and the date t h a t the f i l e was s t a r t e d , 
t h i s allows the date of occurrence of a shower t o be determined. 
Also there are a number of output options which are described 
0000;4COd380li2COBi680EbOOOilDODpDOn010B|l006|A902j210 9iO ljFF 
FIGURE 6 . 1 : Data s t r i n g f o r an example shower 
Byte Pair Data Notes 
1 NOT USED 
2 TIME DELAY FOR 11 
3 TIME DELAY FOR 31 
4 DENSITY FOR 52 
5 TIME DELAY FOR 51 




DENSITY FOR C 
( i ) 
9 DENSITY FOR 11 
10 DENSITY FOR 31 
11 DENSITY FOR 51 





( i i i ) 
( i v ) 
( i ) Should be of constant h e i g h t . Used as a check on gain 
of system. 
( i i ) The i n t e r n a l PET clock consists of a three byte counter 
which increments every 1/60 s. I t i s the 2 msb bytes 
which are stored as the time of the event. 
( i i i ) Maximum value i s AA (hexadecimal) f o r a given f i l e . 
( i v ) Set t o FF (hexadecimal) t o provide an i n t e g r i t y check 
on data. 
TABLE 6.1 : Data Storage S t r i n g 
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l a t e r . A f l o w c h a r t i s given i n f i g u r e 6.2 and a program l i s t i n g 
i n appendix A. 
6.2.1 Data Conversion 
F i r s t , p o s i t i o n 26 i n the s t r i n g i s checked t o see i f i t 
contains $FF, hence c o n f i r m i n g whether the data s t r i n g i s complete. 
I f i t i s not, an e r r o r f l a g i s set, the s t r i n g and e r r o r code 
stored i n an array and the next data s t r i n g processed. Very few 
f a i l u r e s of t h i s type occurred and these were a t t r i b u t e d t o 
spurious t r i g g e r s . Further checks on data i n t e g r i t y c o n s i s t of 
checking t h a t shower numbers are consecutive and t h a t the gain 
i s s t a b l e . Defective data s t r i n g s are t r e a t e d as described above. 
The p a i r s of bytes associated w i t h each time delay and 
d e n s i t y are then e x t r a c t e d , converted t o decimal and then t o 
absolute values (time i n ns and d e n s i t y i n p a r t i c l e s per square 
metre), using the c a l i b r a t i o n c o e f f i c i e n t s derived as described 
i n chapter 5. 
F i n a l l y the shower number and event time are read and 
stored. The time i s f i r s t converted t o h.m.s. Using t h i s and the 
date of run i n i t i a l i s a t i o n , the date of the shower can be determined. 
6.2.2 Axis Determination 
Besides the time the shower f r o n t passes through each 
de t e c t o r r e l a t i v e t o the c e n t r a l d e t e c t o r (the measured time 
d e l a y ) , one also requires the l i n e delay f o r each detector i n 
order t o determine the axis d i r e c t i o n . This i s the time the pulse 
takes t o t r a v e l from the f a s t PMT, i n a d e t e c t o r , t o the l a b o r a t o r y . 
This can be determined by sending a pulse up the unterminated 
l i n e and observing the delayed a r r i v a l of the r e f l e c t e d pulse on 
S t a r t 
I n p u t f i l e 
d e t a i l s and 
output options 
Load f i l e 
Decode 
data 
s t r i n g 
Determine 
time and 
















3 r i n t 
.data ? 
J 










s t a t i s t -
i c a l 
i n f orm-







s t r i n g s 
P r i n t 
s t a t -
i s t i c s 
FIGURE 6.2 : Flowchart of DATAPROC program 
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an o s c i l l o s c o p e . However, a more accurate value, which includes 
any delay i n the e l e c t r o n i c s , i s found by t a k i n g the mean of 
the d i s t r i b u t i o n of the t i m i n g data from each det e c t o r . From 
these, the 130 ns of the e x t r a delay i n the C channel has t o be 
subtracted. F i n a l l y one must s u b t r a c t the time taken f o r a v e r t i c a l 
shower t o pass from C t o the r e l e v a n t detector, i e . — . The form 
of the time d i s t r i b u t i o n i s shown i n f i g u r e 6.3. These time 
d i s t r i b u t i o n s form a valuable check on the data c o l l e c t i o n and 
t h i s i s f u r t h e r described i n appendix D. The ac t u a l time delay 
of the shower f r o n t , passing through a det e c t o r r e l a t i v e t o C, 
i s then given by the recorded time minus the modified l i n e delay. 
Given two of these time delays and the de t e c t o r coordinates, 
the z e n i t h (0) and azimuthal (<f>) angles of the axis can be 
uniquely determined by the equations : 
cos(e) = [-(AB+CD) + ((AB+CD) 2-(A 2+C 2-1) (B 2 + D2 + l ) ) ^ ] / ( B 2 + D2 + l ) 
(6.1) 
tan (1)3) = (C+Dcose)/(A+Bcose) 
where A = ( y ^ - ^ y . ^ )/E B = ( y 2 z -z y )/E 
c = ^iV^V 7* D = ( x i V x 2 z i ) / E 
E = X l Y 2 - y l X 2 
The proof of the above equations i s given i n appendix C. 
I t i s t o be noted t h a t the azimuthal angle i s defined i n the 
an t i - c l o c k w i s e d i r e c t i o n from the x-axis ( f i g u r e 2.1). 
Since three time delays are a v a i l a b l e , two determinations 
of the angles are made and then averaged. Examination of the 
r e s u l t s from the three p o s s i b l e p a i r s show a good agreement w i t h 
each other. 
rime delay (ns) cable and 
e ectronics r r 
delay 
FIGURE 6.3 : Form of the time delay d i s t r i b u t i o n 
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6.2.3 Data Output 
A v a r i e t y of forms of data output are a v a i l a b l e , e i t h e r 
s i n g l y or i n combination. These are as f o l l o w s ; 
( i ) P r i n t e d l i s t : The data i s output t o the p r i n t e r as a 
t a b l e . Also p r i n t e d i s a l i s t of f a i l e d 
data s t r i n g s t o allow manual r e t i e v a l , 
i f p o s s i b l e . 
( i i ) Map : Data i s output i n the form of a map. This 
i s of value i f a rough core determination 
i s r e q u i r e d t o be made manually. However, 
i n p r a c t i c e , i t s use i s l i m i t e d due t o the 
time r e q u i r e d t o p r i n t the map f o r each 
shower. 
( i i i ) Disc : Data i s stored on f l o p p y d i s c . 
( i v ) S t a t i s t i c s : The d e n s i t y d i s t r i b u t i o n s , f o r each 
detector, and the three time delay d i s t -
r i b u t i o n s are p r i n t e d f o r the f i l e being 
processed. 
An example of the map output f o r the data of f i g u r e 6.1 i s shown 
i n f i g u r e 6.4. 
6.3 PROGRAM 'CORELOC' 
6.3.1 I n t r o d u c t i o n 
The next stage i n the processing i s t o determine the 
core l o c a t i o n and the shower s i z e . For t h i s a l a t e r a l s t r u c t u r e 
f u n c t i o n i s r e q u i r e d , t h a t due t o Greisen (1960) being used, 
which assumes an average age parameter, s, o f 1.25. The density 
of p a r t i c l e s a t a given distance from the core, r , i s given by, 
XI_10 SHOWER NO: 1 
I 
I DATE: 110781 
I 31( 7 . 95 ) 
I # TIME: 10 01 23 
-20 -10 I 10 20 
L L # L L 
IC( 9.04 ) Y AXIS: 
I THETA= 24 
11 ( 2.7 ) I PHI= 186 
# I 
I T i l - 191.453 NS 
I_-10 T31= 138.764 NS 
I T51= 256.448 NS 
I 







51( 84.08 ) I 
* I 
I -30 
FIGURE 6.4 : Example output of DATAPROC w i t h the data s t r i n g 
of f i g u r e 6.1 as in p u t 
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n A M ° - 7 5 3 - 2 5 o 
A ( D - ^ ( f ) ( ^ ) ( i + TO"?. ) m" 2 <6-2' 
where N i s the shower size and r ^ = 79m a t sea l e v e l . 
Using t h i s , the dens i t y i n f o r m a t i o n and the axis d i r e c t i o n , 
a minimisation technique can be used t o estimate the core l o c a t i o n 
and shower si z e . 
6.3.2 Minimisation Technique 
F i r s t of a l l an approximate core l o c a t i o n i s r e q u i r e d . 
Two methods were examined. F i r s t , from a map of the array w i t h 
d e n s i t i e s , an estimate can be made. However t h i s i s time consuming 
and even though a reasonably accurate estimate can be made i t 
does not reduce the search time enough t o counteract t h i s . The 
a l t e r n a t i v e i s t o take the coordinates of the de t e c t o r w i t h the 
highes t d e n s i t y . Since t h i s can be e a s i l y done a u t o m a t i c a l l y and 
has been found t o be more e f f i c i e n t i n time, i t i s the method 
used. 
The Greisen s t r u c t u r e f u n c t i o n i s expressed as, 
A (r) = N f (r) 
For a given core p o s i t i o n and a s i n g l e e l e c t r o n d e n s i t y sample 
the e r r o r on the estimated shower size i s r e l a t e d t o the e r r o r 
on the de n s i t y estimate by, 
dA = f ( r ) dN 
Now a A = f (r) o"N or oN = f^j = ^  or a N = 
CA i s c a l c u l a t e d assuming the sampling f l u c t u a t i o n s on n p a r t i c l e s 
are 1.2Vn • 
y2 = y ( Q i ~ E i ) (6 4) 
A- z_, w + nr. + 0.25 ^ ; 
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. _ n±1.2/n" A _ n = 1.2Vn a4 1.2 Vn 
•• * ~ A ' A ' ^ A ' A n 
The weighted shower mean i s , thus, given by, 
N = ^ (6.3, 
y V 2 
From t h i s and f ( r ) , the expected number of p a r t i c l e s 
through each detector can be determined and a chi-square t e s t 
can be performed. Because the number of p a r t i c l e s i s low, the 
chi-square t e s t has t o be modified as f o l l o w s (Smith, 1976), 
; 2 
^ E. +JET. 
1 1 N 1 
A square, of pre-defined s i z e , i s set up around the c u r r e n t 
core l o c a t i o n . The chi-square i s then c a l c u l a t e d f o r cores set 
up on the corners and mid-points of the sides of t h i s square. 
The approximate core i s then moved t o the p o i n t which produces 
the minimum chi-square and the process repeated. I f the o r i g i n a l 
chi-square remains the minimum, then the side of the square i s 
reduced by a f a c t o r of two and the process repeated. The process 
i s continued u n t i l the square side has reached a pre-defined 
l i m i t . The r e s u l t i n g approximate core,mean shower size and 
chi-square are then taken as output. 
6.3.3 Program Procedure 
The i n i t i a l and the minimum box side are normally set at 
10m and 1m r e s p e c t i v e l y , but can be adjusted i f r e q u i r e d . Also 
a l i m i t on the search area i s i n p u t , which i s normally set at a 
box, of side 100m, about the i n i t i a l core estimate. The density 
and axis i n f o r m a t i o n can be put i n e i t h e r manually or d i r e c t l y 
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from d i s c . Only showers w i t h a t l e a s t f o u r non-saturated, non-
zero detectors are considered f o r processing and t h i s s e l e c t i o n 
i s made i n i t i a l l y . 
During the search, i f a d e t e c t o r i s less than 5cm from 
the present core, i t i s ignored as the Greisen f u n c t i o n i s not 
v a l i d i n t h i s case. An e r r o r message i s p r i n t e d t o warn of t h i s 
occurrence. Another e r r o r message i s produced i f the search area 
i s exceeded. I n t h i s case the search i s terminated and the 
present search parameters output. On completion of a search, 
the core l o c a t i o n , shower size and chi-square are output, 
t o g e t h e r w i t h a l i s t of s a t u r a t e d and zero density d e t e c t o r s . 
Once a f i l e has been completely processed, the complete l i s t of 
the shower parameters i s stored on floppy disc f o r f u t u r e 
processing. A f l o w c h a r t f o r the program i s shown i n f i g u r e 6.5 
and a l i s t i n g i s given i n appendix A. 
6.4 SIMULATION OF EAS 
6.4.1 I n t r o d u c t i o n 
Simulation allows the p r e d i c t i o n of the p r o p e r t i e s of the 
a i r shower array and the data analysis i n order t o i n t e r p r e t the 
data c o r r e c t l y . I n a d d i t i o n i t allows the determination of l i m i t s 
on the parameters and hence the r e j e c t i o n of p o t e n t i a l l y inaccurate 
data. 
I n order t o do t h i s , a computer program was w r i t t e n which 
produces simulated a i r shower data. The simulated showers are then 
processed as i f they are r e a l showers and the r e s u l t i n g parameters 
compared t o those i n p u t t o the s i m u l a t i o n program. From t h i s 
comparison the l i m i t s w i t h i n which showers can be considered as 
having been accurately analysed can be determined. These l i m i t s 
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FIGURE 6.5 : Flowchart of CORELOC program 
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are placed on the shower size range, the axis z e n i t h angle and 
the distance of the core from the centre of the array. 
6.4.2 The Shower Simulation.Routines 
The program i s r e q u i r e d t o be able t o generate showers at 
random from the r e l e v a n t d i s t r i b u t i o n s f o r shower si z e , axis 
d i r e c t i o n and core p o s i t i o n . I n order t o do t h i s a technique 
i s r e q u i r e d t o generate random numbers from a given d i s t r i b u t i o n . 
6.4.2.1 Generation of the Shower Size 
The shower s i z e , N, i s randomly generated from the d i s t -
r i b u t i o n o f the form, 
f(N) = AN-* 
where A and % are constants. The i n t e g r a l method (Knuth, 1981) 
i s used. The a c t u a l d i s t r i b u t i o n has a change i n slope, so the 
size i s a c t u a l l y generated from a two p a r t d i s t r i b u t i o n , 
f 2 ( N ) = A^ N""* NL^N<Nfi 
(6.5) 
f 2 ( N ) = A2N~** N <N<N 
where N , N are the upper and lower l i m i t s of size generated 
U 1J 
and N B i s the p o i n t where the slope changes. 
F i r s t l y the d i s t r i b u t i o n i s normalised by d i v i d i n g by the 
t o t a l area, T, under the d i s t r i b u t i o n , i e . 
T = A, 1 N ' dN + A2\ N 0 i dN (6.6) 
The i n t e g r a l d i s t r i b u t i o n i s then formed. 
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J1 = I A, f N M * dN / T N T 4 N < N 
ij B 
I 2 = f A 2 N _ X 2 " d N + A i r N & N ~ S ' ' C!N]/T N p i N < N 
(6.7) 
I f a random number i s generated from a uniform d i s t r i b u -
t i o n between 0 and 1 and equated t o the i n t e g r a l , then the 
re l e v a n t random shower size can be determined from equations 
6.7. I f the random number, R, i s greater than, 
(A, [%"*' dN)/T 
then i s used, otherwise 1^ i s used. This procedure i s carriec 
4 9 
out i n the subroutine NGEN. L i m i t s of 1.8 10 and 1 10 are 
placed on the size since outside t h i s r e g i o n the r a t e of 
t r i g g e r i n g i s very low or non-existant. 
6.4.2.2 Generation of the Axis D i r e c t i o n 
The r e l a t i o n s h i p of shower i n t e n s i t y t o the z e n i t h angle 
of the axis i s given by, 
1(6) = 1(0) cos n9 m" 2s" 1sr" 1 (6.8) 
where n i s a constant. The generation of the z e n i t h angle i s by 
the method described above, w i t h , 
K{ 0 acos n6 sine de 
rT/* n 
K cos 0 sine de 
Jo 
„ -1 1/ (n+1) I r r>\ 
or 6 = cos (R) (6.9) 
where R i s a random number taken from a uniform d i s t r i b u t i o n 
between 0 and 1. This i s c a r r i e d out i n the THETAGEN subroutine 
w i t h a value of n = 8. 
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The generation of the azimuthal angle, <f), i s simply by 
the generation of a random number from a uniform d i s t r i b u t i o n 
between 0 and 2n. 
6.4.2.3 Generation of Core P o s i t i o n 
Shower core coordinates are generated u n i f o r m i l y over a 
c i r c u l a r area. The area i s r e s t r i c t e d since the p r o b a b i l i t y of 
a shower t r i g g e r i n g the array, f a l l s r a p i d l y as the distance 
from the centre of the array increases, and a c u t can be made 
beyond which i t i s considered unnecessary t o generate cores. 
The j u s t i f i c a t i o n f o r t h i s i s found by p l o t t i n g the p r o b a b i l i t y 
of a shower, f a l l i n g w i t h i n a distance, R, from the centre,of 
t r i g g e r i n g the array. This i s shown i n f i g u r e 6.6. I t can be 
seen t h a t above 7 5m, showers have very l i t t l e p r o b a b i l i t y of 
t r i g g e r i n g the array. 
6.4.2.4 F l u c t u a t i o n s 
Two f u r t h e r d i s t r i b u t i o n s are r e q u i r e d f o r shower s i m u l a t i o n . 
These are the Gaussian and Poissonian d i s t r i b u t i o n s which are 
used t o impose s t a t i s t i c a l f l u c t u a t i o n s on the various para-
meters . 
Gaussian random numbers are generated using the f o l l o w i n g 
method (Knuth, 1981). Two u n i f o r m i l y d i s t r i b u t e d random numbers, 
between 0 and 1, are generated, r^,r^. The f o l l o w i n g are then 
formed, 
2 2 
= 2r^ - 1 , v 2 = 2 r 2 - 1 , s = v-^  + v2 
(6.10) 
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Th e Gaussian random numbers are t h e n g i v e n by, 
x-j = v-j V-2 I n (s) /s x 2 = v 2 V - 2 1 n ( s ) / s (6.11) 
T h i s method g i v e s a p p r o x i m a t e l y 100 p a i r s o f x^, x 2 f o r 12 7 p a i r s 
o f r ^ , r 2 . The Gaussian d i s t r i b u t i o n has a s t a n d a r d d e v i a t i o n , 
a, o f 1 and a mean, m, o f 0, so t h e r e q u i r e d v a l u e s a r e , 
X^ = m + ox^ and = m + o"y^  
To reduce any non-randomness due t o any c o r r e l a t i o n t h a t may 
e x i s t between t h i s p a i r o n l y X^ i s used. ( S u b r o u t i n e GAUSSGEN). 
For t h e P o i s s o n i a n d i s t r i b u t i o n , which i s used f o r i n t e g e r s 
o f l e s s t h a n 30, t h e f o l l o w i n g p r o c e d u r e i s used (Knuth, 1981). 
The r e q u i r e d number i s g i v e n by t h e number o f t i m e s , minus one, 
a u n i f o r m i l y d i s t r i b u t e d random number, between 0 and 1, must 
be g e n e r a t e d b e f o r e t h e p r o d u c t , o f t h e random numbers, becomes 
l e s s t h a n e ^ , where X i s t h e i n p u t i n t e g e r . ( S u b r o u t i n e POISSGEN). 
6.4.3 The Shower S i m u l a t i o n Program 
The procedure o f shower g e n e r a t i o n i s shown i n f i g u r e 
6.7 as a f l o w c h a r t . F i r s t l y , t h e shower s i z e , a x i s d i r e c t i o n and 
c o r e p o s i t i o n are g e n e r a t e d . From t h e a x i s d i r e c t i o n , t h e t i m e 
d e l a y f o r each d e t e c t o r i s d e t e r m i n e d . These are f l u c t u a t e d 
w i t h a Gaussian d i s t r i b u t i o n o f s t a n d a r d d e v i a t i o n 5ns, and 
t h e a x i s d i r e c t i o n i s t h e n r e - d e t e r m i n e d . Shower co r e s are t h e n 
g e n e r a t e d . Using t h i s i n f o r m a t i o n , t h e d e n s i t i e s a t each d e t e c t o r 
can be d e t e r m i n e d u s i n g t h e G r e i s e n f u n c t i o n . These are t h e n f l u c -
t u a t e d w i t h t h e Gaussian d i s t r i b u t i o n , w i t h s t a n d a r d d e v i a t i o n 
e q u a l t o t h e square r o o t o f t h e d e n s i t y , o r t h e P o i s s o n i a n , f o r 
means o f l e s s t h a n 30. F i n a l l y t h e d e n s i t y i s c o n v e r t e d t o t h e 
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FIGURE 6.7 : Shower s i m u l a t i o n program f l o w c h a r t 
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v o l t a g e o b t a i n e d from t h e d e t e c t o r . T h i s v a l u e i s f l u c t u a t e d 
u s i n g t h e s i n g l e p a r t i c l e v o l t a g e d i s t r i b u t i o n s . I n o r d e r t o 
do t h i s , each o f t h e d i s t r i b u t i o n s i s a p p r o x i m a t e d by a 
Gaussian d i s t r i b u t i o n . The v o l t a g e i s t h e n c o n v e r t e d back t o 
a d e n s i t y . F i n a l l y t h e d e n s i t i e s a t each d e t e c t o r are checked 
a g a i n s t t h e d i s c r i m i n a t o r t h r e s h o l d l e v e l s and t h e shower d a t a 
o n l y r e t a i n e d i f t h e s e l e v e l s are exceeded f o r a l l t h e t r i g g e r i n g 
d e t e c t o r s . The s i m u l a t e d d a t a can now be processed as f o r r e a l 
showers. 
6.4.4 R e s u l t s o f t h e S i m u l a t i o n 
Two d i f f e r e n t procedures a r e f o l l o w e d i n t h e s i m u l a t i o n . 
The f i r s t i s t o g e n e r a t e showers over t h e whole ranges o f N, 
0, cj> and cores and t h e n a n a l y s e them t o compare them w i t h r e a l 
d a t a . The o t h e r i s t o g e n e r a t e showers w i t h one parameter f i x e d , 
eg. shower s i z e o r t h e d i s t a n c e o f t h e c o r e f r o m t h e c e n t r e o f 
t h e a r r a y , i n o r d e r t o i n v e s t i g a t e t h e l i m i t s i n w h i c h showers 
can be a n a l y s e d w i t h r e a s o n a b l e accuracy. T h i s l a t t e r procedure 
i s t h e more i m p o r t a n t o f t h e two. 
R e s u l t s from t h e g e n e r a l s i m u l a t i o n a r e shown i n f i g u r e s 
6.8 t o 6.13. F i g u r e 6.8 shows t h e i n p u t v e r s u s t h e o u t p u t z e n i t h 
a n g l e s . From t h i s a l i m i t on t h e z e n i t h angle has been s e t t o 
30°, above w h i c h s c a t t e r i n g becomes more pronounced. 
F i g u r e 6.14 shows t h e v a r i a t i o n o f t h e mean c o r e l o c a t i o n 
e r r o r s w i t h t h e a n a l y s e d c o r e d i s t a n c e from d e t e c t o r C. The e r r o r s 
shown i n d i c a t e t h e spread o f v a l u e s o b t a i n e d . From t h i s , a c u t 
o f 50m on t h e a n a l y s e d c o r e d i s t a n c e , R n, has been chosen. 
an a -L 
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FIGURE 6.8 : Randomly g e n e r a t e d z e n i t h a n g l e s , f l u c t u a t e d 
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FIGURE 6.9 : Analysed shower s i z e v e r s u s s i m u l a t e d shower 
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FIGURE 6.10 : Randomly g e n e r a t e d a z i m u t h a l a n g l e s , f l u c t u a t e d 
by a Gaussian d i s t r i b u t i o n . (100 shower:;) 
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FIGURE 6.11 : A z i m u t h a l angle d i s t r i b u t i o n f o r s i m u l a t e d 
showers which t r i g g e r t h e a r r a y 
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FIGURE 6.12 Displacement o f a n a l y s e d cores w i t h r e s p e c t 
t o cores o f s i m u l a t e d showers f o r 90 showers. 
( arrow p o i n t s t o analysed core) 
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FIGURE 6.13 Mean core l o c a t i o n e r r o r v e r s u s s i m u l a t e d 
shower s i z e . ( E r r o r b a r s i n d i c a t e range o f 
core l o c a t i o n e r r o r ) 
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FIGURE 6.14 Mean co r e l o c a t i o n e r r o r v e r s u s analysed 
core d i s t a n c e from d e t e c t o r C. E r r o r bar 
i n d i c a t e range o f co r e l o c a t i o n e r r o r . 
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i m p o r t a n t t o r e s t r i c t t h e shower s i z e t o th o s e w h i c h are most 
a c c u r a t e . To e s t i m a t e t h e lo w e r l i m i t , t h e p r o b a b i l i t y o f t r i g -
g e r i n g t h e a r r a y f o r d i f f e r e n t shower s i z e s i s d e t e r m i n e d f o r 
cores w i t h i n 50m. For t h e upper l i m i t , t h e s a t u r a t i o n o f d e t -
e c t o r s has t o be t a k e n i n t o account. I f more t h a n two d e t e c t o r s 
are s a t u r a t e d , t h e shower i s n o t a n a l y s e d and t h e r e f o r e t h e 
p r o b a b i l i t y o f t h e shower b e i n g a b l e t o be processed i s reduced. 
The r e s u l t a n t p r o b a b i l i t y p l o t i s shown i n f i g u r e 6.15. For a 
g r e a t e r t h a n 90% p r o b a b i l i t y , t h e shower s i z e i s r e s t r i c t e d 
t o t h e range 3 1 0 5 t o 7.5 10 5„ 
F i n a l l y a p l o t i s made o f i n p u t shower s i z e v e r s u s mean 
anal y s e d s i z e f o r s i m u l a t e d showers, s u b j e c t t o t h e above c u t -
o f f s . T h i s i s shown i n f i g u r e 6.16, t h e e r r o r b a r s i n d i c a t i n g 
t h e spread o f an a l y s e d shower s i z e s . From t h i s i t i s seen t h a t 
t h e a n a l y s e d shower s i z e has a b i a s due t o t h e p r o c e s s i n g . T h i s 
p l o t i s used t o d e t e r m i n e t h e c o r r e c t i o n r e q u i r e d t o be made t o 
th e a n a l y s e d shower s i z e . 
6.5 CONCLUSIONS 
The a n a l y s i s o f t h e da t a has been d e s c r i b e d . I t can be 
seen t h a t s i m u l a t i o n p l a y s an i m p o r t a n t p a r t i n t h e data a n a l y s i s , 
by i n d i c a t i n g t h e range o f showers o v e r w h i c h some c o n f i d e n c e i n 
the r e s u l t s can be m a i n t a i n e d . However i t can be seen t h a t w i t h 
t h e p r e s e n t a r r a y l a r g e e r r o r s occur, due t o t h e s m a l l number 
o f d e t e c t o r s . S i m u l a t i o n a l l o w s an e s t i m a t e o f t h e improve-
ment i n accuracy w h i c h would o c c u r by i n c r e a s i n g t h e number o f 
d e t e c t o r s . 
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FIGURE 6.15 P r o b a b i l i t y o f a shower, R^50, ©<s30, 
t r i g g e r i n g t h e a r r a y and b e i n g a n a l y s e d 
(assumes s m a l l showers a l l analysabJe 
and t h a t showers are n o t a n a l y s a b l e when 
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FIGURE 6.16 : Comparison o f a n a l y s e d shower s i z e s o f 
s i m u l a t e d showers o f f i x e d s i z e . 
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CHAPTER 7 
THE SINGLE SCINTILLATOR RESPONSE 
7 , 1 INTRODUCTION 
D u r i n g t h e development o f t h e data r e c o r d i n g system, 
b e f o r e t h e m a j o r i t y o f a r r a y d e t e c t o r s were o p e r a t i o n a l , i t was 
decide d t o i n v e s t i g a t e t h e response o f a s i n g l e s c i n t i l l a t o r . 
T h i s had two purposes. The f i r s t was t o check t h e o p e r a t i o n o f 
t h e m u l t i p l e x e r , a n a l o g u e - t o - d i g i t a l c o n v e r t e r and microcomputer 
system and t h e second was t o check on t h e apparatus as a whole 
by comparing t h e r e s u l t s w i t h t h o s e due t o o t h e r w o r k e r s . 
The response was i n v e s t i g a t e d by d e t e r m i n i n g t h e i n t e g r a l 
p u l s e h e i g h t d e n s i t y d i s t r i b u t i o n u s i n g two methods. I n one t h e 
dat a r e c o r d i n g system was used t o r e c o r d and b i n e v e r y p u l s e 
h e i g h t , above t h e t h r e s h o l d f o r t h e ADC, and t h e o t h e r was t o 
use t h e c o n v e n t i o n a l d i s c r i m i n a t o r and s c a l a r method. 
7.2 EXPERIMENTAL ARRANGEMENT 
2 
The d e t e c t o r used was 11 which i s 2m i n area and 2.5cm 
deep and was c a l i b r a t e d as d e s c r i b e d i n §2.3. I t was connected 
t o t h e data r e c o r d i n g system as d e s c r i b e d i n c h a p t e r 5. A number 
o f changes t o t h e system were made as f o l l o w s . The d i s c r i m i n a t i o n 
l e v e l was a d j u s t e d so t h a t any p u l s e from t h e d e t e c t o r , e x ceeding 
a t h r e s h o l d e q u i v a l e n t t o 0.1 p a r t i c l e s would produce a t r i g g e r . 
The o u t p u t o f t h e b u r s t p u l s e g e n e r a t o r was reduced t o one p u l s e 
i n o r d e r t o reduce t h e dead t i m e i n v o l v e d i n r e c o r d i n g unused 
m u l t i p l e x e r channels. F i n a l l y s e v e r a l parameters i n t h e s o f t w a r e 
were a d j u s t e d t o f a c i l i t a t e r e a d i n g and s t o r i n g o f a s i n g l e 
c h a n n e l . I n o r d e r t o o u t p u t t h e data i n a c o n v e n i e n t form a 
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s e c t i o n o f machine code was added t o STORE.GO which b i n n e d t h e 
dat a and a BASIC program was w r i t t e n which a l l o w e d t h i s d a ta t o 
be p r i n t e d o u t i n t a b u l a r form o r as a h i s t o g r a m . 
As an a l t e r n a t i v e , t h e d e t e c t o r o u t p u t was t a k e n v i a a 
d i s c r i m i n a t o r t o a s c a l a r . T h i s a l l o w e d t h e i n t e g r a l p u l s e h e i g h t 
spectrum t o be d e t e r m i n e d d i r e c t l y by measuring t h e r a t e o f p u l s e s 
g r e a t e r t h a n a g i v e n t h r e s h o l d s e t by t h e d i s c r i m i n a t o r . 
I n o r d e r t o e x t e n d t h e range o f p u l s e h e i g h t s i n v e s t i g a t e d , 
t h e EHT s u p p l i e d t o t h e d e t e c t o r s ' p h o t o m u l t i p l i e r s was a d j u s t e d 
as r e g u i r e d , t h i s a l l o w e d a range o f p a r t i c l e d e n s i t i e s from 
-2 -2 3 -2 
2 10 m t o 10 m t o be measured. For each v a l u e o f EHT used 
a s i n g l e p a r t i c l e peak was o b t a i n e d , u s i n g t h e p u l s e h e i g h t 
a n a l y s e r , i n o r d e r t o c a l i b r a t e t h e d i s t r i b u t i o n i n terms o f 
p a r t i c l e d e n s i t y . 
Some runs were a l s o made w i t h t h e p h o t o m u l t i p l i e r tubes 
covered w i t h b l a c k c l o t h . T h i s a l l o w e d t h e e l e c t r i c a l n o i s e i n 
t h e tubes t o be d e t e r m i n e d so t h a t i t c o u l d be s u b t r a c t e d from 
t h e i n t e g r a l p u l s e h e i g h t d i s t r i b u t i o n . I n t h e event, t h i s 
c o r r e c t i o n was found t o be s m a l l . 
The r e s u l t i n g i n t e g r a l spectrum i s shown i n f i g u r e 7.1 
where t h e curves are compared t o t h e EAS d e n s i t y s p e c t r a o f 
Gr e i s e n (1960), Ashton e t a l (1975) and McCaughan (1982). I t i s 
not e d t h a t t h e two methods used t o d e t e r m i n e t h e d i s t r i b u t i o n are 
i n good agreement, t h u s i n d i c a t i n g t h a t t h e d a t a r e c o r d i n g system 
i s f u n c t i o n i n g c o r r e c t l y . For p a r t i c l e d e n s i t i e s i n excess o f 50, 
t h e d i s t r i b u t i o n i s a l s o i n good agreement w i t h t h e p r e v i o u s 
d e t e r m i n a t i o n s o f t h e d e n s i t y spectrum. However, below t h i s 
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due t o t h e s i n g l e p a r t i c l e peak, which EAS d e n s i t y spectrum 
measurements remove by r e q u i r i n g some fo r m o f c o i n c i d e n c e . I n 
a d d i t i o n t o t h i s t h e r e i s a t r a n s i t i o n r e g i o n a pparent between 
1 and 50 p a r t i c l e s p er square metre. The r a t e goes as t h e d e n s i t y 
t o t h e power (-2.65±0.06) i n t h i s r e g i o n and (-1.53±0.10) i n t h e 
EAS d e n s i t y spectrum r e g i o n . F i g u r e 7.1 compares t h e r e s u l t s f o r 
9 
a s i n g l e s c i n t i l l a t o r o f D e l v a i l l e e t a l (1959), u s i n g a 0.86m 
2 2 
s c i n t i l l a t o r , and Miyake e t a l (1962), u s i n g 0.25m and 2.5m 
d e t e c t o r s a t 2770 m.s.l. I t i s seen t h a t agreement w i t h D e l v a i l l e ' s 
r e s u l t i s good and a l s o w i t h t h e s l o p e o f t h e d i s t r i b u t i o n o f 
Miyake e t a l , t h e i r r a t e b e i n g h i g h e r due t o t h e a l t i t u d e . 
7.3 INTERPRETATION OF THE TRANSITION EFFECT 
7.3.1 Green and Barcus (1959) 
A l i q u i d s c i n t i l l a t o r o f 1 0 f t d i a m e t e r and 5" depth a t an 
e l e v a t i o n o f 1575 m.s.l. was used t o i n v e s t i g a t e t h e s i n g l e 
s c i n t i l l a t o r response. The r e s u l t i n g i n t e g r a l spectrum ( f i g u r e 7.1) 
can be d e s c r i b e d by two l i n e s . The f i r s t i s 
n/ s x 0 0 n -(1.514 + 0.022) - 1 _ i n l _ __3 n. QUp) = 22.0 p s , 3 10 <p^3 10 (7.1) 
where p i s t h e number o f p a r t i c l e s i n t h e s c i n t i l l a t o r . T h i s was 
i n t e r p r e t e d as t h e response due t o EAS. Below 30 p a r t i c l e s t h e 
g r a d i e n t changes a b r u p t l y and t h e l i n e c o rresponds t o 
RUp) = 1.68 1 0 3 p - 2 - 7 6 s" 1 (7.2) 
Using t h e r e s u l t s o f Teucher (1952), on t h e p r o d u c t i o n o f t h r e e -
pronged s t a r s i n n u c l e a r emulsions by cosmic r a d i a t i o n , t h e y 
d e t e r m i n e d t h a t t h e r a t e o f s t a r p r o d u c t i o n i n t h e d e t e c t o r was 
1500 min ^, on t h e assumption t h a t t h e r a t e s are s i m p l y p r o p o r t i o n a l 
t o t h e g e o m e t r i c c r o s s - s e c t i o n . From t h i s , and t h e average energy 
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l o s t by a p a r t i c l e t r a v e r s i n g t h e s c i n t i l l a t o r , t h e y conclude 
t h a t t h e average energy f o r t h r e e - p r o n g e d s t a r p r o d u c t i o n i s 
90MeV. T h i s i s compared t o t h e v a l u e o f lOOMeV d e t e r m i n e d by 
Camerini e t a l (1951) and th u s t h e y a t t r i b u t e t h e t r a n s i t i o n 
e f f e c t t o n u c l e a r i n t e r a c t i o n s i n t h e s c i n t i l l a t o r . 
However, i f t h e s e s i m p l e c a l c u l a t i o n s are r e p e a t e d f o r 
t h e p r e s e n t s c i n t i l l a t o r , w h i c h has about one t w e n t i e t h o f t h e 
volume and i s a t s e a - l e v e l , where t h e s t a r p r o d u c t i o n r a t e i s 
around a f i f t h o f t h a t a t t h e i r e l e v a t i o n , t h e n t h e average 
energy so d e t e r m i n e d i s 5MeV. From t h i s c a l c u l a t i o n , and o t h e r 
evidence mentioned l a t e r , i t i s suggested t h a t Barcus and Green's 
c o n c l u s i o n was a r e s u l t o f t h e i r assumptions and c o i n c i d e n c e . 
7.3.2 A l l a n e t a l (1965) 
I n an e x p e r i m e n t s p e c i f i c a l l y designed t o i n v e s t i g a t e t h e 
p u l s e spectrum o f a s i n g l e d e t e c t o r , A l l a n e t a l used d e t e c t o r s 
o f two t y p e s , w a t e r Cerenkov t a n k s and s c i n t i l l a t o r s . The 
2 
Cerenkov d e t e c t o r s were o f 2.25m area and 120cm d e p t h ( e g u i v a l e n t 
t o 3.4 r a d i a t i o n l e n g t h s ) w h i l e t h e p l a s t i c s c i n t i l l a t o r s were 
2 2 o f lm area and 10cm t h i c k n e s s . L i g u i d s c i n t i l l a t o r s o f 2.2m 
area and 10cm dep t h were a l s o used. I n a l l cases t h e t h r e e 
r e g i o n s were observed and t h e t r a n s i t i o n r e g i o n was f u r t h e r 
i n v e s t i g a t e d . 
For w a t e r Cerenkov d e t e c t o r s t h e f o l l o w i n g was founds 
(a) The c o u n t i n g r a t e (minus t h e EAS c o n t r i b u t i o n ) i s p r o p o r t i o n a l 
t o area, w h i c h i s what would be expe c t e d from some p r o d u c t i o n 
process i n t h e d e t e c t o r due t o s i n g l e p a r t i c l e s . 
(b) O b s e r v a t i o n o f t r a c k s produced i n a f l a s h - t u b e chamber, r u n 
i n c o n j u n c t i o n w i t h t h e d e t e c t o r , i n t h e t r a n s i t i o n r e g i o n , 
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produce many events w i t h o n l y one o r two t r a c k s , t h u s i m p l y i n g 
a n e u t r o n , photon o r charged p a r t i c l e e n t e r i n g from t h e s i d e . 
(c) The barometer e f f e c t c o e f f i c i e n t o f p a r t i c l e s i n t h e 
t r a n s i t i o n r e g i o n was d e t e r m i n e d t o be i n t h e r e g i o n 2-3% per cm. 
Hg. T h i s r u l e s o u t t h e p o s s i b i l i t y o f t h e e f f e c t b e i n g m a i n l y 
due t o nucleon i n t e r a c t i o n s . 
(d) The s p e c t r a l shape was found t o be e s s e n t i a l l y t h e same f o r 
d e t e c t o r s o f d i f f e r e n t depths, which suggested t h a t e l e c t r o n -
photon c a s c a d i n g i n t h e w a t e r , due t o s i n g l e muons, i s n o t l i k e l y . 
(e) Underground measurement i n d i c a t e d a r e d u c t i o n o f i n t e n s i t y 
e q u i v a l e n t t o t h a t due t o t h e r e d u c t i o n o f i n t e n s i t y o f t h e muon 
component. 
For t h e s c i n t i l l a t o r s i t was found t h a t : 
(a) 2.5cm o f s t e e l s h i e l d i n g produced an i n c r e a s e i n t h e number 
o f l a r g e r p u l s e s i n t h e t r a n s i t i o n r e g i o n , presumably due t o t h e 
c a s c a d i n g o f t h e s o f t component. However t h e l a c k o f r a d i a t i o n 
between s p e c t r a when no s h i e l d i n g , 5cm o r 15cm o f l e a d were used 
i m p l i e d t h a t p u l s e s are due t o t h e p e n e t r a t i n g component. 
(b) The barometer c o e f f i c i e n t was d e t e r m i n e d t o be l e s s t h a n 5% 
p e r cm Hg, again t o o s m a l l f o r nucleons b u t c o m p a t i b l e w i t h muons. 
(c) C a l c u l a t i o n s were made on n u c l e o n - i n d u c e d s t a r s by c o n s i d e r i n g 
n u c l e o n f l u x and c r o s s - s e c t i o n s , and i t was concluded t h a t t h e 
e s t i m a t e d response was much t o o s m a l l . 
They concluded t h a t t h e t r a n s i t i o n r e g i o n i s muon-induced b u t 
suggested t h a t f u r t h e r work on t h e mechanism i s r e q u i r e d . 
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7.3.3 M a s l i n e t a l (1967) 
F u r t h e r i n v e s t i g a t i o n s were conducted, f o l l o w i n g on from 
t h e work o f A l l a n e t a l . Using f l a s h t ubes below a Cerenkov 
d e t e c t o r , t h e y d e t e r m i n e d t h a t p u l s e s were due t o cascade processes 
i n t h e d e t e c t o r . They a l s o produced c a l c u l a t i o n s w h i c h a l l o w e d 
them t o account f o r t h e p u l s e h e i g h t spectrum almost e n t i r e l y i n 
terms o f knock-on e l e c t r o n s . 
7.3.4 De e t a l (1971) 
F o l l o w i n g t h e e o n t r a d i c t e f y r e s u l t s o f A l l a n e t a l and 
M a s l i n e t a l , t h e a u t h o r s a t t e m p t e d t o r e s o l v e t h e problem. 
They used two p l a s t i c (NE102) s c i n t i l l a t o r s , one o f dimensions 
50x50x10 cm 3 and t h e o t h e r 50x50x20 cm 3, b o t h a t s e a - l e v e l . The 
r e s u l t i n g g r a d i e n t s were -1.62 f o r t h e EAS r e g i o n and -2.9 f o r 
t h e t r a n s i t i o n r e g i o n . They found t h a t t h e r a t e f o r l a r g e r 
p u l s e s i n t h e t r a n s i t i o n r e g i o n i n c r e a s e s as t h e s c i n t i l l a t o r 
t h i c k n e s s i s i n c r e a s e d , w i t h a c o r r e s p o n d i n g decrease i n t h e 
r a t e o f low energy p u l s e s . They a l s o c o n f i r m e d t h e s h i e l d e d 
r e s u l t s o f A l l a n e t a l . These r e s u l t s c o n f i r m t h e i n t e r p r e t a t i o n 
o f t h e t r a n s i t i o n r e g i o n as m a i n l y due t o e l e c t r o m a g n e t i c 
i n t e r a c t i o n s i n t h e s c i n t i l l a t o r . 
7.4 CONCLUSIONS 
The o p e r a t i o n o f t h e da t a r e c o r d i n g system and t h e d e t e c t o r 
and i t s a s s o c i a t e d e l e c t r o n i c s have been d e t e r m i n e d t o be s a t i s -
f a c t o r y when t e s t e d by t h e d e t e r m i n a t i o n o f t h e s i n g l e s c i n t i l l a t o r 
response. 
A l s o , t h e shape o f t h e p u l s e h e i g h t spectrum has been 
d i s c u s s e d . I t has been shown t h a t i t can be d i v i d e d i n t o t h r e e 
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r e g i o n s , low p u l s e s b e i n g due t o s i n g l e p a r t i c l e s , h i g h p u l s e s 
b e i n g due t o EAS a n d , i n between t h e s e , a t r a n s i t i o n r e g i o n e x i s t s 
w h i c h i s most l i k e l y due t o e l e c t r o n - p h o t o n cascades produced i n 
t h e s c i n t i l l a t o r by s i n g l e muons. 
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CHAPTER 8 
EXTENSIVE AIR SHOWERS 
8.1 INTRODUCTION 
An e x t e n s i v e a i r shower (EAS) i s t h e r e s u l t o f t h e c o l l i s i o n 
o f a p r i m a r y cosmic r a y w i t h an a i r nucleus i n t h e upper atmos-
phere. The c o l l i s i o n i n i t i a t e s a cascade o f p a r t i c l e s w h i c h 
spread o u t t o co v e r a l a r g e area a t s e a - l e v e l . T h i s m a g n i f i c a t i o n 
o f t h e e f f e c t o f cosmic r a y p a r t i c l e s i s i n v a l u a b l e as a t o o l f o r 
t h e s t u d y o f th o s e w i t h h i g h energy. For example, a p r i m a r y w i t h 
18 — 1 1 — 2 — 1 
an energy o f g r e a t e r t h a n 10 eV has a f l u x o f 10 m s , b u t 
a s m a l l d e t e c t o r , a t s e a - l e v e l , would be h i t once every few weeks 
by t h e s e c o n d a r i e s o f such a p a r t i c l e . However t h e p r i c e o f t h i s 
improvement i n d e t e c t i o n r a t e i s t h e added c o m p l e x i t y o f i n t e r p -
r e t i n g t h e n u c l e a r i n t e r a c t i o n s o f which t h e r e c o r d e d s e c o n d a r i e s 
are a r e s u l t and t h e r e f o r e b e i n g a b l e t o deduce i n f o r m a t i o n about 
t h e i n i t i a t i n g p r i m a r y p a r t i c l e . T h i s problem i s compounded by 
t h e f a c t t h a t a c c e l e r a t o r s have n o t y e t reached t h e e n e r g i e s 
r e l e v a n t t o th e s e problems, so one can o n l y suggest models and 
t r y t o f i t t h e s e t o observed shower d a t a and e x i s t i n g t h e o r i e s . 
I n o r d e r t o s t u d y EAS, l a r g e a r r a y s o f d e t e c t o r s have 
been b u i l t , w h i c h c o v e r many square k i l o m e t r e s , eg. Volcano Ranch, 
USA ( 8 k m 2 ) ; Sydney, A u s t r a l i a (34km 2); Haverah Park, UK (]2km 2); 
2 
Yakutsk, USSR (35km ) and these have d e t e c t e d showers due t o 
20 
p r i m a r i e s w i t h energy up t o about 10 eV. Other methods used 
i n c l u d e o b s e r v a t i o n o f Cerenkov l i g h t and r a d i o e m i s s i o n from 
showers t o s t u d y shower development and p a r t i c l e d e t e c t o r s t o 
s t u d y i n d i v i d u a l shower p a r t i c l e s such as muons. 
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The f o l l o w i n g s e c t i o n s form a r e v i e w o f t h e most i m p o r t a n t 
aspects o f EAS which have so f a r been r e v e a l e d by t h e above 
methods. R e s u l t s which are p a r t i c u l a r l y r e l e v a n t f o r t he d e t e r -
m i n a t i o n o f a i r shower parameters are emphasised as are some o f 
th e i m p l i c a t i o n s f o r n u c l e a r p h y s i c s . 
8.2 DESCRIPTION OF THE CASCADE PROCESS 
13 
C o n s i d e r a p r o t o n p r i m a r y o f energy g r e a t e r t h a n 10 eV 
(t h e minimum f o r an o b s e r v a b l e e f f e c t a t s e a - l e v e l t o be pr o d u c e d ) . 
C o l l i s i o n w i t h an a i r nucleus occurs w i t h a mean f r e e p a t h o f 70 
_2 
t o 80gcm and produces many secondary p a r t i c l e s o f which t h e 
m a j o r i t y are p i o n s b o t h charged and n e u t r a l , one o r more are 
n u c l e a r - a c t i v e , — o f w h i c h — o n e — ( t h e — r e m a i n s — o f — t h e — n u c l e u s ) t a k e s 
about h a l f o f t h e p r i m a r y energy, and some o t h e r hadrons. The 
n e u t r a l p i o n s are u n s t a b l e and decay w i t h i n 10 ~^s i n t o p a i r s 
o f gamma-rays, which can t h e n i n i t i a t e e l e c t r o n - p h o t o n cascades 
wh i c h grow by t h e process o f b r e m s s t r a h l u n g and t h e n decay away 
as t h e i n d i v i d u a l e l e c t r o n ' s energy f a l l s and i o n i s a t i o n p r e -
dominates (below 84MeV f o r an e l e c t r o n ) . Charged p i o n s have a 
i d n g l i f e t i m e due t o t h e t i m e - d i l a t i o n e f f e c t and most, produced 
near t h e t o p o f t h e atmosphere, w i l l c o l l i d e w i t h a i r n u c l e i , 
p r o d u c i n g y e t more p i o n s and f e e d i n g t h e nucleon cascade. However, 
i n t h e l a t e r stages o f a cascade, where t h e e n e r g i e s are lower 
and t h e l i f e t i m e s h o r t e r , t h e y w i l l decay i n t o muons and n e u t r i n o s . 
The muon l i f e t i m e o f 2 10 ^s, d i l a t e d by t h e r e l a t i v i s t i c e f f e c t , 
means t h a t t h e y are v e r y u n l i k e l y t o decay b e f o r e t h e y reach 
s e a - l e v e l , b u t those t h a t do, produce an e l e c t r o n and two n e u t r i n o s . 
Both muons and n e u t r i n o s are v e r y weakly i n t e r a c t i n g and so have 
no problem i n r e a c h i n g s e a - l e v e l . Qf course t h i s makes—them-
e x t r e m e l y d i f f i c u l t t o d e t e c t . F i n a l l y t h e r e i s t h e n u c l e a r - a c t i v e 
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component. They c o l l i d e w i t h f u r t h e r a i r n u c l e i o r decay ( i n t h e 
case o f u n s t a b l e h a d r o n s ) . F u r t h e r c o l l i s i o n w i l l produce o t h e r 
cascades, s i m i l a r t o t h e i n i t i a l one, t h e process c o n t i n u i n g 
u n t i l t h e energy i s t o o low. I n a d d i t i o n t o t h e processes a l r e a d y 
mentioned, t h e r e i s a l s o e x t e n s i v e c r o s s - f e e d i n g between t h e 
components w i t h t h e n u c l e a r cascade d i s s i p a t i n g energy t o t h e 
o t h e r shower p a r t i c l e s . A diagram o f t h e cascade process i s 
shown i n f i g u r e 8.1. 
Coulomb s c a t t e r i n g spreads p a r t i c l e s , depending on t h e i r 
mass, which r e s u l t s i n t h e s c a t t e r i n g o f e l e c t r o n s b e i n g g r e a t e r 
t h a n muons which i s , i n t u r n , g r e a t e r t h a n f o r nucleons. However, 
t h e l a r g e d i s t a n c e s t r a v e l l e d by muons, mean t h a t t h e y are found 
a t g r e a t d i s t a n c e s from t h e shower c o r e . 
The a r r i v a l a t t h e ground o f an a i r shower t a k e s t h e form 
o f a ' f r o n t ' o f e l e c t r o n s and photons, o f about 2m t h i c k n e s s , 
spread o v e r a c i r c l e o f about 1km i n d i a m e t e r , t h e i r d e n s i t y 
f a l l i n g away from t h e c o r e . The c o r e c o n t a i n s about 10% o f t h e 
t o t a l shower energy and 90% o f t h e p a r t i c l e s a t s e a - l e v e l . The 
muons a r r i v e more spread o u t i n t i m e ( 3 t o 4m ) , due t o t h e i r 
g r e a t e r mass, and account f o r 60% o f t h e energy and 10% o f t h e 
number. Slower s t i l l i s t h e n u c l e o n component whic h forms a c o r e 
a l o n g t h e shower a x i s o f o n l y a few metres i n d i a m e t e r . They 
have about 5% o f t h e energy and 1 % o f t h e number. F i n a l l y t h e 
n e u t r i n o s t a k e about 2 0% o f t h e energy. 
8.3 LATERAL STRUCTURE 
8.3.1 E l e c t r o n L a t e r a l D i s t r i b u t i o n 
The d i s t r i b u t i o n o f t h e p a r t i c l e d e n s i t y as a f u n c t i o n o f 
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FIGURE 8.1 : Development o f an e x t e n s i v e a i r shower 
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a i r shower. I t has been i n v e s t i g a t e d f o r each o f t h e t h r e e 
components o f t h e cascade. The most i m p o r t a n t o f these i s t h e 
e l e c t r o n i c component which i s t h e most numerous f r a c t i o n and, 
i n t h i s case, t h e d i s t r i b u t i o n i s known as t h e l a t e r a l d i s t r i b -
u t i o n f u n c t i o n . T h i s f u n c t i o n has been shown t o be remarkably 
i n v a r i a n t t o d i f f e r e n t methods o f measurement, shower s i z e and 
o b s e r v a t i o n a l t i t u d e . A l s o , on average, i t agrees w i t h t h a t 
o b t a i n e d from t h e o r e t i c a l d e t e r m i n a t i o n u s i n g a pure e l e c t r o -
magnetic cascade h a v i n g coulomb s c a t t e r i n g o f e l e c t r o n s as t h e 
s o l e s p r e a d i n g agent. G r e i s e n (1960) has combined a l a r g e number 
o f r e s u l t s and produced a f u n c t i o n w h i c h i s c l a i m e d t o h o l d good 
3 9 
f o r shower s i z e s between 2 10 and 2 10 p a r t i c l e s , atmospheric 
_2 
depths o f 537 t o 1800gcm , r a d i i from t h e a x i s o f 5cm t o 1500m 
and z e n i t h angles l e s s t h a n 55°. T h i s f u n c t i o n i s 
n „,T 0-75 3.25 0 
p(N,r) = ^ ( f ) ( ^ ) ( l + T f ^ , K 2 ( 8 . D 
where p i s t h e d e n s i t y o f p a r t i c l e s p e r square metre f o r a shower 
o f s i z e N a t a r a d i u s r (m). r ^ i s t h e M o l i e r e u n i t , a c h a r a c t e r -
i s t i c u n i t o f l e n g t h i n s c a t t e r i n g t h e o r y . I t s s i m i l a r i t y t o t h e 
t h e o r e t i c a l f u n c t i o n o f Nishimura and Kamata (1958), a t d i s t a n c e s 
l e s s t h a n 100m and an age parameter o f 1.25, l e d G r e i s e n t o 
produce a s i m p l i f i e d v e r s i o n . 
s —2 s —4 . 5 
f ( £ s) = C(s) [ £ ) ( 7 + 1 ) ' (8.2) 
I , 1 1 J-i ' 
where C(s) i s a n o r m a l i s a t i o n f a c t o r and s i s t h e age parameter 
wh i c h w i l l be d i s c u s s e d l a t e r . T h i s i s known as t h e NKG f u n c t i o n . 
The d e n s i t y i s g i v e n by, 
o (N, r ) = - a f ( r ) rn" 2 (8.3) 
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I t has been found t h a t t h e f u n c t i o n does v a r y s l i g h t l y 
f o r d i f f e r e n t d e t e c t o r s used. Those f o r s c i n t i l l a t o r s b e i n g 
s t e e p e r t h a n those d e t e r m i n e d u s i n g G e i g e r - M i i l l e r t u b e s , which 
r e p r e s e n t t h e a c t u a l d i s t r i b u t i o n w e l l . T h i s i s due t o t h e f a c t 
t h a t t h e s c i n t i l l a t o r response depends on t h e energy spectrum o f 
t h e e l e c t r o m a g n e t i c component. An example o f one d e t e r m i n e d i n 
t h e f o r m e r way i s t h a t o f Hasegawa e t a l (1962) and i s as f o l l o w s , 
/„T \ N exp (-r/120) -2 ,„ 
P ( N ' r ) IWJD r'« m ( 8 ' 4 ) 
A more r e c e n t r e s u l t i s t h a t o f Catz (1975), again u s i n g 
s c i n t i l l a t i o n c o u n t e r s . 
(N,r) = 0.015N exp(-r/120) m~2 ( { J > 5 ) 
. I 62. ( r + 1) 
where 2m < r ^ 70m. F i g u r e 8.2 shows t h e t h r e e s t r u c t u r e f u n c t i o n s 
mentioned above. I t can be seen t h a t agreement i s good except 
a t s m a l l r a d i i and t h i s i s p a r t l y due t o e x p e r i m e n t a l e r r o r s i n 
c o r e l o c a t i o n . 
R e c e n t l y , however, e x p e r i m e n t a l r e s u l t s have c a s t doubt 
on t h e v a l i d i t y o f u s i n g t h e MKG f o r m u l a w i t h a s i n g l e age 
parameter, K h r i s t i a n a s e n e t a l (1981) have measured t h e l a t e r a l 
s t r u c t u r e and found a f i t t o NKG w i t h s v a r y i n g from 1.18 t o 
1.33 as r i n c r e a s e s . T h i s i s s i m i l a r t o t h e r e s u l t s o f Ashton 
e t a l (1977c). Other evidence i s t h e c o n c l u s i o n o f A b d r a s h i t o v 
e t a l (1981), u s i n g t h e Tien-Shan a r r a y . T h e i r r e s u l t s are more 
i n l i n e w i t h t hose d e t e r m i n e d by Monte-Carlo s i m u l a t i o n s (which 
a v o i d t h e a p p r o x i m a t i o n s o f a n a l y t i c cascade t h e o r y ) by H i l l a s 
(1981). These r e s u l t s are compared i n f i g u r e 8.3. Thus i t can 
be seen t h a t t h e r e i s s t i l l p l e n t y o f r e s e a r c h t o be c a r r i e d o u t 
i n t h e d e t e r m i n a t i o n o f a l a t e r a l s t r u c t u r e f u n c t i o n . However, 
10 
Catz et 
al (1975) Hasegawa et al (1962) 00 
£10 
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FIGURE 8.2 : E l e c t r o n l a t e r a l d i s t r i b u t i o n f u n c t i o n s 
f o r showers o f s i z e 1 0 5 . 
N = const. 
X = 700gcm2 
6 <30° 
A : N e =(1.8-3.2) 105 
B: N =(1.0-1.8) 106 
1 NKG 
2 Dedenkoetal (1975) 
3 Hi l ias e ta l (1977) 
10 100 
radius(m) 
FIGURE 8.3 : Comparison o f e l e c t r o n l a t e r a l d i s t r i b u t i o n 
measured a t Tien-Shan, 
( a f t e r A b d r a s h i t o v e t a l , 1981) 
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i n t h e range 10<r<100 rn agreement between a l l methods and e x p e r i -
ments appears t o be good. 
8.3.2 Muon L a t e r a l D i s t r i b u t i o n 
Muons produced a t h i g h a l t i t u d e s are spread by m u l t i p l e 
s c a t t e r i n g and geomagnetic d e f l e c t i o n , t h e l a t t e r l e a d i n g t o 
asymmetry i n t h e e a s t - w e s t d i r e c t i o n . The spread can be as l a r g e 
as s e v e r a l t e n s o f metres e s p e c i a l l y f o r i n c l i n e d showers. 
However t h e most i m p o r t a n t cause i s t h e a n g u l a r d i v e r g e n c e o f 
t h e i r p a r e n t p i o n s , w h i c h a^guire t r a n s v e r s e moment™ a t t h e i r 
g e n e r a t i o n . 
I t i s c o n v e n i e n t t o d e t e r m i n e t h e l a t e r a l d i s t r i b u t i o n 
above a g i v e n energy t h r e s h o l d . C l a r k (1958) produced a r e s u l t 
f o r showers o f s i z e 2 10~* t o 2 10^ and rnuon e n e r g i e s g r e a t e r 
t h a n 1.2GeV. The r e s u l t s were reduced by G r e i s e n (1960) t o t h e 
f o l l o w i n g e m p i r i c a l form; 
0 75 -2 5 
p (N,r) = 18 ' r " 0 - 7 5 ' m"2 ( 8 > 5 ) 
L a t e r , B e n n e t t and G r e i s e n (1962) i n v e s t i g a t e d t h e v a r i a t i o n i n 
s t r u c t u r e w i t h energy and produced t h e f o l l o w i n g r e l a t i o n , 
p(N,r,>E^) = 14.4 (^1 r ( i + ^ ) ( ) ( ^ L _ ) m " 2 ( 8 . 6 ) 
where E i s i n GeV and U E $ lOGeV. 
r- J1 
These r e s u l t s are shown, a l o n g w i t h more r e c e n t ones, i n 
7 
f i g u r e 8.4. A l l t h e d a t a are n o r m a l i s e d t o a shower s i z e o f 2 10 
p a r t i c l e s and t h e energy t h r e s h o l d i s t a k e n as lGeV. The d i f f e r e n t 
d e t e r m i n a t i o n s can be seen t o be c o n s i s t e n t e x c e p t a t r a d i i l e s s 
t h a n about 20m which can p a r t l y be a s c r i b e d t o e r r o r s i n core 
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Comparisons w i t h t h e o r e t i c a l d i s t r i b u t i o n s , u s i n g s t a n d a r d 
models, eg. s c a l i n g , r e v e a l a s t e e p e r spectrum t h a n i s observed. 
T h i s i n d i c a t e s t h a t t h e p a r t i c l e s have h i g h e r t r a n s v e r s e momenta 
t h a n p r e d i c t e d and t h e r e f o r e p o i n t s t o a need t o r e v i s e t h e t h e o r y . 
I t can be seen t h a t t h e muon l a t e r a l d i s t r i b u t i o n p l a y s an 
i m p o r t a n t p a r t i n t h e u n d e r s t a n d i n g o f t h e shower process and 
e s p e c i a l l y i n t h e d e t e r m i n a t i o n o f t h e h e i g h t o f o r i g i n and t h e 
m u l t i p l i c i t y o f t h e f i r s t i n t e r a c t i o n s . 
8.3.3 N u c l e a r - a c t i v e L a t e r a l D i s t r i b u t i o n 
The n u c l e a r - a c t i v e p a r t i c l e s have s m a l l t r a n s v e r s e momenta 
and so have o n l y a s m a l l spread. Consequently t h e l a t e r a l d e n s i t y 
d i s t r i b u t i o n i s much na r r o w e r t h a n t h a t o f e i t h e r t h e muon o r 
e l e c t r o n components. The d i f f e r e n t i a l l a t e r a l d e n s i t y d i s t r i b u t i o n 
i s g i v e n by Kamedo e t a l (1965) as, 
^(E,r,N)dEdr = 0.35 N ° ° 3 5 E ~ l a 2 e" r^ r° dEdr (8.6) 
0 3 2 — 0 2 5 5 where r = 2.4 N E " and N,E are measured i n u n i t s o f 10 o 
p a r t i c l e s and lOOGeV r e s p e c t i v e l y . The r e s u l t s from s e v e r a l 
w o rkers are shown i n f i g u r e 8.5. 
8.4 LONGITUDINAL DEVELOPMENT 
The l o n g f i i t u d i n a l development o f a shower can be dete r m i n e d 
by o b s e r v i n g i t a t d i f f e r e n t h e i g h t s i n t h e atmosphere. An e a s i e r 
method i s t o observe showers, a t a f i x e d l e v e l , w i t h d i f f e r e n t 
z e n i t h a n g l e s , s i n c e t h e a i r t h i c k n e s s t r a v e r s e d i n c r e a s e s w i t h 
z e n i t h a n g l e . However, f o r s m a l l depths, t h e r e i s no s u b s t i t u t e 
f o r mountain and a i r c r a f t o b s e r v a t i o n s , w i t h p a r t i c l e d e t e c t o r s . 
Other methods have been developed such as t h e o b s e r v a t i o n o f t h e 
Cerenkov l i g h t , produced by t h e h i g h l y r e l a t i v i s t i c p a r t i c l e s i n 
10 
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FIGURE 8.5 : L a t e r a l d i s t r i b u t i o n f o r hadrons of" <Ji f ferenf; 
energy, - i t s e a - l e v e l . The l i n e s -ire t n e s i m u l a t e d 
d i s t r i ! m t i o n s f o r p r o t o n - i n i t i a t e d snowers o f 
energy' !.0*GeV. E x p e r i m e n t a l data i s n o r m a l i s e d t o 
Ne=10» . ( a f t e r G r i e d e r , 1-577) 
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t h e atmosphere and s c i n t i l l a t i o n l i g h t from t h e s c a t t e r i n g o f 
e l e c t r o m a g n e t i c waves by t h e i o n i s e d column produced by t h e EAS. 
The s i z e o f t h e shower depends on t h e p r i m a r y energy, E , 
and t h e a t m o s p e r i c dep t h , and i s d e s i g n a t e d N(E , x ) . T h i s i s 
s u b j e c t t o c o n s i d e r a b l e f l u c t u a t i o n s , due, i n t h e main, t o t h e 
dept h o f t h e f i r s t i n t e r a c t i o n , s i n c e i n subsequent i n t e r a c t i o n s 
t h e number o f p a r t i c i p a t i n g p a r t i c l e s i s so g r e a t t h a t f l u c t u a t i o n s 
a t t h i s p o i n t can be compensated f o r , a p p r o x i m a t e l y . 
A d e t a i l e d knowledge o f t h e l o n g i t u d i n a l development i s , 
t h u s , v e r y i m p o r t a n t f o r t h e u n d e r s t a n d i n g o f t h e h i g h energy 
i n t e r a c t i o n s w h i c h o c c u r i n t h e e a r l y stages o f a shower. 
An example o f t h e development o f showers o f two d i f f e r e n t 
e n e r g i e s i s shown i n f i g u r e 8.6 ( a f t e r H i l l a s 1970). For depths, 
_2 
l e s s t h a n about 500gcm , t h e curves are d e r i v e d t h e o r e t i c a l l y , 
u s i n g cascade t h e o r y . The energy c o n t e n t o f t h e showers i s shown 
i n t a b l e 8.1. The area under t h e curves g i v e $ t h e energy l o s s , by 
i o n i s a t i o n i n t h e atmosphere, which can be added t o t h e r e m a i n i n g 
energy o f t h e p a r t i c l e s a t s e a - l e v e l t o g i v e t h e t o t a l shower 
energy. 
Since t h e v a s t m a j o r i t y o f p a r t i c l e s , i n t h e shower, are 
e l e c t r o n s , t h e l o n g # i t u d i n a l development i s w e l l r e p r e s e n t e d by 
t h e e l e c t r o m a g n e t i c cascade model. G r e i s e n (1956) produced an 
e x p r e s s i o n w h i c h d e s c r i b e s t h e development o f t h e cascade as i t 
passes t h r o u g h t h e atmosphere which i s as f o l l o w s , 
N ( E Q , t ) = exp t ( l - l . 51og(s) )J (8.7) 
where t = x / x 0 i s t h e t h i c k n e s s o f a i r i n r a d i a t i o n u n i t s , (•?>„ = 
l o g ( E Q / E c ) where E c i s t h e e l e c t r o n c r i t i c a l energy i n a i r (84.2MeV) 
B shower size (*10 ) 
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_ 9 s = ( 3 t ) / ( t + 2 ( 3 j i s t h e age parameter and x Q=37.7gcm ~ i n a i r . 
From t h i s , t h e maximum development o f t h e shower occurs 
when s = l o r t =8 = l o g ( E /E ) . F i g u r e 8.7 shows t h e v a r i a t i o n max r o ^ o c 
o f t h e e l e c t r o n number w i t h depth f o r v a r i o u s e n e r g i e s . 
More d e t a i l e d s t u d y o f t h e cascade process has been done 
by computer s i m u l a t i o n o f shower development (eg. G r i e d e r , 1977; 
G a i s s e r e t a l , 1978). Here, models o f t h e cascade are u t i l i s e d 
such as t h a t due t o Greisen (1956). T h i s a l l o w s t h e development 
t o be s p e c i f i e d by t h e v a r i a t i o n i n t h e a b s o r p t i o n l e n g t h w i t h 
e l e c t r o n s i z e . Dixon e t a l (1974) g i v e t h i s shower a t t e n u a t i o n 
l e n g t h as, 
X = 47.7 l n ( N ) + 32.0 gem - 2 
A 6 (8.8) 
and \ = 25.0 l n ( N ) + 95.0 gem - 2 
-B e 
o b t a i n e d under d i f f e r e n t a p p r o x i m a t i o n s , t h e for m e r t a k i n g i n t o 
account t h e r a d i a t i o n l o s s o f e l e c t r o n s and t h e g a i n i n e l e c t r o n 
number due t o p a i r - p r o d u c t i o n from S'-rays, t h e l a t t e r a l s o i n c l u d e 
i o n i s a t i o n l o s s . 
The r e s u l t s o f s e v e r a l e x p e r i m e n t s on shower development 
are shown i n f i g u r e 8.8 a f t e r G a i s s e r e t a l (1978). They were 
m a i n l y conducted a t Ch a c a l t a y a (520gcm ) b u t i n c l u d e t h a t c a r r i e d 
o u t by Antonov (1974) a t a i r c r a f t a l t i t u d e . The data assumes t h a t 
showers o c c u r r i n g a t a g i v e n r a t e o r i g i n a t e f r o m p r i m a r i e s o f 
s i m i l a r energy. I f t h i s were t r u e t h e n t h e curves would c o r r e s p o n d 
t o t h e t r u e average development o f showers c o r r e s p o n d i n g t o t h e 
g i v e n i n t e g r a l d e n s i t y . However, because o f f l u c t u a t i o n s t h i s 
i s n o t t h e case and G a i s s e r and H i l l a s (1977) have shown t h a t t h e 
curves c o r r e s p o n d t o N r a t h e r t h a n N o f showers o f f i x e d 
rms 
p r i m a r y energy. 
0 200 4-0 0 6 00 800 1000 1200 1400 
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FIGURE 8. 7 : Trie t o t a l number o f e l e c t r o n s , as a f u n c t i o n 
o f t r i e t h i c k n e s s o f a i r c r o s s e d , produced by 
photons o f v a r i o u s e n e r g i e s , W , i n eV. The 
parameter s i s t h e age parameter a t d i f f e r e n t 
stages o f i t s development, ( a f t e r Cocconi, TV.! 
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FIGURE 8.8 : L o n g d i t u d i n n 1 development o f e l e c t r o n r yr:, vJes. 
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Th e stage o f development o f a shower i s d e t e r m i n e d by t h e 
age parameter, s. T h i s i n c r e a s e s as t h e shower develops, reaches 
one a t shower maximum and, as t h e shower d i e s , s i n c r e a s e s p a s t 
one. The r e s u l t o f t h e t h e o r e t i c a l p r e d i c t i o n o f t h e shower age 
parameter as a f u n c t i o n o f s i z e , u s i n g t h e s t a n d a r d EAS model o f 
deBeer e t a l (1966), i s g i v e n i n f i g u r e 8.9. The e x p e r i m e n t a l 
data o f Vernov (1970) i s a l s o i n c l u d e d i n t h e f i g u r e . The r i s e 
i n t h e age parameter has been a s c r i b e d t o two phenonema. The 
f i r s t i s t h e f l a t t e n i n g o f t h e l a t e r a l s t r u c t u r e f u n c t i o n a t 
l a r g e d i s t a n c e s f r o m t h e c o r e , and t h e second i s t h a t l a r g e 
showers have g r e a t e r mean co r e d i s t a n c e s from t h e c e n t r e o f t h e 
a r r a y . However, i t can be concluded t h a t s i s n e a r l y c o n s t a n t 
5 7 
over t h e shower s i z e range 10 t o 10 a t s e a - l e v e l . T h i s can be 
un d e r s t o o d as a consequence o f an e q u i l i b r i u m between t h e e l e c t r o -
magnetic and n u c l e a r - a c t i v e components due t o t h e c o n t i n u o u s 
r e g e n e r a t i o n o f t h e for m e r by i n t e r a c t i o n s o f t h e l a t t e r which 
i s a t t e n u a t e d i n t h e atmosphere a t a c o n s t a n t r a t e . 
8.5 FLUCTUATIONS 
As mentioned i n t h e p r e v i o u s s e c t i o n , t h e a i r shower 
parameters are s u b j e c t t o f l u c t u a t i o n , p a r t i c u l a r l y f o r p r o t o n 
i n i t i a t e d showers. The h i g h f l u c t u a t i o n s o f t h e shower age par a -
meter (~10%) i n d i c a t e a h i g h p r o p o r t i o n o f p r o t o n s , b u t t h e 
expected f l u c t u a t i o n f o r p r o t o n i n i t i a t e d showers i s o n l y 4-8%, 
depending on t h e model. However measurements o f f l u c t u a t i o n s a re 
c o m p l i c a t e d by t h e f a c t t h a t e x p e r i m e n t a l e r r o r s a l s o cause 
f l u c t u a t i o n s and these two are d i f f i c u l t t o s e p a r a t e , l e a d i n g 
t o o v e r - e s t i m a t i o n . Catz e t a l (1973) have d e s c r i b e d a method f o r 
o b t a i n i n g a low e r l i m i t on t h e w i d t h o f t h e f l u c t u a t i o n s . I t i s 
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o f t h e shower. Using t h i s dependence, t h e age parameter d i s t r i b u t i o 
can be o b t a i n e d from t h e N /N r a t i o d i s t r i b u t i o n . The r e s u l t i s 
M e 
a w i d t h o f 5-6%, t h u s c o n f i r m i n g p r o t o n d o m i n a t i o n a t p r i m a r y 
15 
e n e r g i e s o f around 10 eV. 
F l u c t u a t i o n s a l s o occur i n t h e muon component. I n v e s t i -
g a t i o n s o f t h e v a r i a t i o n o f muon number f o r f i x e d shower s i z e s 
(eg. Gawin e t a l , 1968; Vernov e t a l , 1968), r e v e a l s t h a t t h e 
w i d t h o f t h e f l u c t u a t i o n s o f t h e muon number decreases >with 
shower s i z e and agrees w i t h t h e o r e t i c a l d e t e r m i n a t i o n s . Though 
t h e agreement i n d i c a t e s t h e f l u c t u a t i o n model i s r e a s o n a b l e , t h e 
d i f f e r e n c e between a p r o t o n and a mixed c o m p o s i t i o n model i s 
n o t l a r g e enough t o a l l o w t h e use o f t h e d a t a t o determine 
p r i m a r y c o m p o s i t i o n . The l a r g e r f l u c t u a t i o n s o f e l e c t r o n t o muon 
r a t i o i n d i c a t e t h a t i t i s t h e e l e c t r o n number which has t h e 
g r e a t e r f l u c t u a t i o n s and t h e f l u c t u a t i o n i n t h e muon number i s 
r e l a t i v e l y s m a l l f o r f i x e d energy. E l b e r t e t a l (1976) used a 
s c a l i n g model t o det e r m i n e t h e f l u c t u a t i o n s and these are 
p l o t t e d i n f i g u r e 8.10. Though t h e s t a n d a r d c o m p o s i t i o n d e v i a t e s 
g r e a t l y from t h e d a t a , G a i s s e r e t a l (1978) conclude, t a k i n g 
i n t o account o t h e r evidence, t h a t t h i s i n d i c a t e s a breakdown o f 
s c a l i n g . 
8.6 THE MUON COMPONENT 
The s t u d y o f muons, e s p e c i a l l y a t h i g h e r e n e r g i e s , i n EAS 
i s i m p o r t a n t due t o t h e i n f o r m a t i o n t h e y can p r o v i d e on th e 
e a r l y i n t e r a c t i o n s , s i n c e t h e i r i n t e r a c t i o n s a r e r e l a t i v e l y 
weak. The l a t e r a l d i s t r i b u t i o n a l l o w s t h e d e t e r m i n a t i o n o f t h e 
d i s t r i b u t i o n o f t r a n s v e r s e momenta o f t h e i r p a r e n t p i o n s , w h i l e 
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FIGURE 8.10 R e l a t i v e s t a n d a r d d e v i a t i o n o f N f o r f i x e d 
N . Data due t o Vernov e t a l (1970) 
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t h e p r i m a r y energy t h a n t h e e l e c t r o n number. However t h e i r 
d e n s i t y i s much lower t h a n e l e c t r o n s and t h i s r e n d e r s them 
d i f f i c u l t t o d e t e c t . D e t e c t o r s r e q u i r e t o be w e l l s h i e l d e d , and 
have l a r g e area. A r e v i e w o f i n v e s t i g a t i o n s i n t o e n e r g e t i c muons 
i s g i v e n by Thompson (1973). 
8.7 THE NUCLEAR-ACTIVE COMPONENT 
Hadrons i n EAS are f a r l e s s numerous t h a n o t h e r p a r t i c l e s 
and t h e i r s e p a r a t i o n from e l e c t r o n s i s o n l y p o s s i b l e on t h e 
b a s i s o f energy d i f f e r e n c e . However t h e i r energy dominates t h e 
shower and i s r e s p o n s i b l e f o r s u s t a i n i n g i t s development. 
The l a t e r a l d i s t r i b u t i o n o f hadrons, which has been d i s c -
ussed i n §8.3.3, can be used t o dete r m i n e t h e energy spectrum. 
M o d e l l i n g has shown t h a t t h i s spectrum can be w e l l d e s c r i b e d 
by t h e s t a n d a r d model when all o w a n c e i s made f o r an i n c r e a s e 
i n t r a n s v e r s e momentum o f about 0.5GeV/c. 
8.8 CERENKOV RADIATION 
The o b s e r v a t i o n o f t h e Cerenkov r a d i a t i o n e m i t t e d by t h e 
shower p a r t i c l e s as t h e y pass t h r o u g h t h e atmosphere p r o v i d e s 
i n f o r m a t i o n on t h e development o f a s i n g l e shower, u n l i k e 
normal ground-based methods. Work by Chudakov e t a l (1960) was 
17 
c o n f i n e d t o showers s m a l l e r t h a n about 10 eV. More r e c e n t l y 
a t t e n t i o n has been g i v e n t o l a r g e r showers u s i n g l a r g e a r r a y s 
o f d e t e c t o r s . The d e t e c t o r s are r e l a t i v e l y cheap and v e r y l a r g e 
a r r a y s can e a s i l y be c o n s t r u c t e d , t h u s a l l o w i n g improved s t a t i s t i c s 
f o r l a r g e showers. C l i m a t i c c o n d i t i o n s a r e , o f course, a major 
problem i n t h i s t y p e o f i n v e s t i g a t i o n . 
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Efimov e t a l (1973) conducted i n v e s t i g a t i o n s i n t o t h e l i g h t 
p u l s e shape t o see i f i t c o u l d be used as an i n d i c a t o r o f shower 
development. Hammond e t a l (1977) conducted a more e x t e n s i v e 
s t u d y . I t i s indeed found t h a t t h e shape i s a u s e f u l parameter 
and G a i s s e r e t a i (197H) conclude t h a t i t i s one of t h e b e s t 
t e s t s f o r shower models. A f u r t h e r measurement t h a t i s of use 
i s t h e r a d i u s o f t h e shower f r o n t which g i v e s an i n d i c a t i o n o f 
t h e depth o f i n i t i a t i o n o f t h e e l e c t r o n cascade. 
8.9 CONCLUSION 
The b a s i c t o o l s f o r u n r a v e l l i n g t h e mechanisms o f t h e 
e x t e n s i v e a i r shower have been d e s c r i b e d . Research c o n t i n u e s on 
t h r e e b a s i c l i n e s . The f i r s t i s t o improve measurement t e c h n i q u e s 
i n o r d e r t o r e f i n e t h e r e s u l t s and t o i n c r e a s e t h e range o f 
measurement, e s p e c i a l l y a t h i g h energy, t o a l l o w b e t t e r f i t t i n g 
o f models. The second i s t o c o n t i n u e t o develop shower models 
i n o r d e r t o t r y and f i t them t o r e s u l t s and hence deduce p r i m a r y 
c o m p o s i t i o n and h i g h energy i n t e r a c t i o n c h a r a c t e r i s t i c s . F i n a l l y , 
t o develop new methods o f o b s e r v a t i o n such as atmospheric 
Cerenkov r a d i a t i o n s t u d i e s w h i c h have been seen t o have g r e a t 





Shower data from 12 6.2 hours o f r u n n i n g , w i t h i n t h e 
p e r i o d 6 t h August 1981 t o 2nd September 1981, have been processed, 
as p r e v i o u s l y d e s c r i b e d , t o p r o v i d e e s t i m a t e s f o r t h e shower s i z e 
and c o r e l o c a t i o n . T h i s data i s h e l d on f l o p p y d i s c f o r f u r t h e r 
p r o c e s s i n g . Out o f 2 796 showers which t r i g g e r e d t h e a r r a y , 2101 
were a b l e t o be processed. Of t h e unprocessable showers, 39 had 
t o o l i t t l e i n f o r m a t i o n due t o s a t u r a t e d d e t e c t o r s , 4 50 l a c k e d 
s u f f i c i e n t t i m i n g i n f o r m a t i o n , i n t h e main due t o t h e i r b e i n g 
l a r g e showers, f a l l i n g a t g r e a t d i s t a n c e s from t h e a r r a y , and 
206 f a i l e d on co r e l o c a t i o n . 
The f i r s t p a r t o f t h e a n a l y s i s o f t h e r e s u l t s c o n s i s t s o f 
c h e c k i n g t h e d i s t r i b u t i o n s o f t h e i n d i v i d u a l shower data, i n 
o r d e r t o check on t h e o p e r a t i o n o f t h e a r r a y . F o l l o w i n g t h i s , 
t h e data i s used t o f i n d t h e shape o f t h e z e n i t h a ngle d i s t r i b u t i o n 
and d e t e r m i n e t h e shower s i z e spectrum. 
9.2 DISTRIBUTIONS OF SHOWER DATA 
A summary o f t h e t r i g g e r s i s g i v e n i n t a b l e 9.1. As desc-
r i b e d i n c h a p t e r 6, s i m u l a t i o n was used t o p r o s c r i b e c u t s t o be 
p u t on t h e data i n o r d e r t o m a i n t a i n accuracy. The p r i n c i p a l c u t 
i s on t h e z e n i t h angle which i s r e s t r i c t e d t o l e s s t h a n 30°. 
Showers whose cores f a l l a t a d i s t a n c e g r e a t e r than 50m from 
d e t e c t o r C are a l s o i g n o r e d . There i s a l s o a c u t on showers 
whose co r e l o c a t i o n L - i s a h i g h cl i l - s< |u. i re . M V J t h u s h-r/e suspect-, 
accuracy. T h i s c u t i s chosen t o be 10 l o r reasons 'described 
below. The shower s i z e d i s t r i b u t i o n w i l l be d e s c r i b e d i n d e t a i l 
i n §9.5. 
Number Percentage o f t o t a l 
T r i g g e r s 2 796 100 
A x i s o b t a i n e d 2 307 83 
Core l o c a t e d 2101 75 
A f t e r c u t s 1389 50 
TABLE 9.1 : Percentage o f a n a l y s a b l e showers 
2 
X m i n i m i s a t i o n l o g ( l ( 0 ) ) - l o g ( c o s ( 6 ) ) p l o t 
R e s t r i c t e d 
data 
E x t r a p o l a t i o n R e s t r i c t e d 
data 
E x t r a p o l a t i o n 
N>2 1 0 5 
N>1 1 0 5 
N>7 1 0 4 











8 . 4±1.6 
7 .7±1.2 
8 . 9±0 . 9 
7 . 4 ± 1 . 8 
8 . O i l . 2 
8.1±0.6 
Thi s 
e x p e r i m e n t 
Ashton e t a l 
(1975) 
T h i s 
e x p e r i m e n t 
Ashton e t a l 
(1975) 
10 5>N*2 10 5 
10 5>N>1 10 5 
5 4 10 > N » 7 10 








9 . 1±2 . 0 
8. O i l . 0 
7 . 9± 1. 4 
8.4±2.0 
8.9± 1 . 1 
8.6±1.3 
J 8 . 4 ± l . 1 
TABLE 9.2 : D e t e r m i n a t i o n s o f n i n 1(8) = 1(0) c o s n e 
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9.2.1 Detector Density D i s t r i b u t i o n 
The s i m i l a r i t y of the d i s t r i b u t i o n s of recorded d e n s i t i e s 
f o r each detector ( f i g u r e 9.1) i n d i c a t e t h a t the detectors are 
i n good c a l i b r a t i o n . The c a l c u l a t e d s a t u r a t i o n d e n s i t i e s (C, 
100m - 2: 11, 114rn - 2: 31, S2m~2: 51 and 52, 90m"2) c l o s e l y correspon 
t o the peaks at the end of the r e l e v a n t d i s t r i b u t i o n s (due t o 
p i l i n g up of s a t u r a t i n g p u l s e s ) . For the purposes of processing, 
d e n s i t i e s are cut j u s t below t h i s peak t o avoid i n t r o d u c i n g e r r o r s 
9.2.2 Timing D i s t r i b u t i o n s 
D i s t r i b u t i o n s of the t i m i n g i n f o r m a t i o n , f o r each of the 
t i m i n g detectors are given i n f i g u r e 9.2. The importance of 
these d i s t r i b u t i o n s i s f u l l y described i n appendix D. The mean 
of the d i s t r i b u t i o n i s equal t o the time a s i g n a l takes t o t r a v e l 
from the s c i n t i l l a t o r t o the time-to-amplitude converter ( i e . 
cable plus e l e c t r o n i c delays) added t o the v e r t i c a l distance 
the d e t e c t o r i s out of the array plane, d i v i d e d by the v e l o c i t y 
of l i g h t . For example, detectors 11 and 31 have s i m i l a r cable 
lengths, but 11 i s about 5m lower which corresponds t o about 
16ns. The means can be seen t o d i f f e r by about t h i s value. This 
f i g u r e i s used t o provide parameters f o r the program t o determine 
t h e " d i r e c t i o n of the a x i s . The width of the d i s t r i b u t i o n i s 
r e l a t e d t o n, the power index of the z e n i t h angle d i s t r i b u t i o n . 
However the v a r i a t i o n of width w i t h n i s r a t h e r i n s e n s i t i v e over 
the range of n expected so, though t h i s cannot be used t o deter-
mine n, i t does allow a check t o be made on the v a l i d i t y of the 
data. The widths, measured i n terms of the standard d e v i a t i o n , 
assuming the d i s t r i b u t i o n s t o be Gaussian, are given i n the 
f i g u r e and these agree w i t h the c a l c u l a t e d n, which i s i n the 
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9.2.3 Axis D i r e c t i o n D i s t r i b u t i o n s 
The z e n i t h angle d i s t r i b u t i o n takes the form 
1(8) = T (0) cos ne 
However, f o r reasons explained i n §9.3, the power, n, cannot be 
determined d i r e c t l y from the d i s t r i b u t i o n shown i n f i g u r e 9.3. 
The basic shape of the d i s t r i b u t i o n i s i n l i n e w i t h t h a t expected, 
w i t h a peak at around 20°. The normalised, best f i t , d i s t r i b u t i o n 
f o r n egual t o 8.3 i s superimposed on the f i g u r e . 
The azimuthal angle d i s t r i b u t i o n i s shown i n f i g u r e 9.4a. 
An excess of showers i s observed i n the d i r e c t i o n s 90° and 270°. 
I t has been noted t h a t t h i s corresponds t o the la r g e r c o l l e c t i n g 
areas f o r these d i r e c t i o n s at lower shower sizes. However i t can 
be seen from f i g u r e s 9.4b t o 9.4d t h a t the excess does not vary 
s i g n i f i c a n t l y f o r d i f f e r e n t shower size ranges. I t i s thought more 
l i k e l y t o be a r e s u l t of l o c a l absorption since the phase of the 
d i s t r i b u t i o n coincides w i t h the phase of absorbers, i e . b r i c k 
w a l l s close t o the d e t e c t o r s . 
9.2.4 Time I n t e r v a l between Showers 
I f showers a r r i v e randomly i n time, then an exponential 
d i s t r i b u t i o n of time i n t e r v a l s i s expected. A p l o t of log(frequency) 
versus the separation would then be a s t r a i g h t l i n e (Ashton e t a l , 
1977a). I t has been, f u r t h e r suggested (Bhat, C.L. e t a l , 1979) 
t h a t any s t r u c t u r e i n t h i s d i s t r i b u t i o n would i n d i c a t e a non-
u n i f o r m i t y of sources. Due t o the lack of a v a i l a b l e data i t i s 
not p o s s i b l e t o say anything about the f i n e scale s t r u c t u r e , but 
the f a c t t h a t the d i s t r i b u t i o n ( f i g u r e 9.5) i s a good f i t t o an 
exponential i n d i c a t e s c o r r e c t operation of the t r i g g e r i n g , storage 
and time r e c o r d i n g sections of the data capture system. 
n = 8.3 
0 60 70 80 
zenifh angle,8 (degrees) 
FIGURE 9.3 Zenith angle d i s t r i b u t i o n f o r 2307 showers.Dotted 
d i s t r i b u t i o n shows best f i t t o cos n8 w i t h n=8.3 
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9.2.5 Core D i s t r i b u t i o n s 
Figure 9.6 shows the d i s t r i b u t i o n of shower cores f o r 
d i f f e r e n t shower size ranges. For each range, the array area i s 
d i v i d e d i n t o squares, o f side 10m, w i t h the number of recorded 
showers i n each. Superimposed on each p l o t i s the acceptance 
area f o r v e r t i c a l showers of the maximum size f o r t h a t range. 
The close c o r r e l a t i o n between these two i n d i c a t e s t h a t the core 
l o c a t i o n procedure i s working c o r r e c t l y . Although some of the 
showers f a l l i n g outside the area can be accounted f o r by showers 
w i t h h i gh z e n i t h angle, the m a j o r i t y are probably due t o core 
l o c a t i o n e r r o r . 
9.2.6 Chi-square D i s t r i b u t i o n 
The search r o u t i n e r e l i e s on a chi-square minimising 
technique i n order t o lo c a t e the core. This allows the use of 
the f i n a l chi-square, obtained when the core has been found, t o 
be used as a measure of the accuracy of l o c a t i o n . I n order t o 
avoid using the more inaccurate data, a c u t i s imposed on shower 
which have large f i n a l chi-squares and t h i s has been chosen, 
a r b i t r a r i l y , t o be equal t o the mean plus one standard d e v i a t i o n 
i e . equal t o 10. This r e j e c t s some 5% of the data. 
9.2.7 D i s t r i b u t i o n of Core Distances from Detector C 
Figure 9.8 shows frequency histograms of the radius of 
the core l o c a t i o n w i t h respect t o the c e n t r a l d e t e c t o r . Each 
p l o t i s f o r a d i f f e r e n t shower size range. As expected, the 
mean distance of the cores r i s e s as the shower s i z e increases 
and t h i s i s c l e a r l y shown i n f i g u r e 9.9. The v a r i a t i o n of core 
distance w i t h the z e n i t h angle of the axis was also determined 
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d e p endence o f c o r e d i s t a n c e on z e n i t h a n g l e , t h e d i s t a n c e r i s i n g 
as t h e a n g l e i n c r e a s e s , t h i s b e i n g i n l i n e w i t h t h e s m a l l i n c r e a s e 
i n t h e showe r c o l l e c t i n g a r e a as t h e z e n i t h a n g l e i n c r e a s e s . 
9.2.8 C o n c l u s i o n s on t h e B a s i c Shower D a t a 
I t i s c o n c l u d e d , f r o m t h e above, t h a t t h e a r r a y , i t s d a t a 
c o l l e c t i o n s y s t e m and t h e d a t a p r o c e s s i n g a r e p e r f o r m i n g s a t i s -
f a c t o r i l y . However a number o f o b s e r v a t i o n s c a n be made a b o u t 
c e r t a i n o f t h e d i s t r i b u t i o n s w h i c h r e l a t e t o p o s s i b l e i m p r o v e m e n t s 
w h i c h c a n be made t o t h e s y s t e m . By f a r t h e l a r g e s t c a u s e o f 
show e r s f a i l i n g t o be p r o c e s s e d was l a c k o f t i m i n g i n f o r m a t i o n . 
T h i s o c c u r r e d , m a i n l y , w i t h s h o w e r s w h i c h gave l o w d e n s i t y 
r e a d i n g s . As p r e v i o u s l y m e n t i o n e d , t h e t h r e s h o l d s on t h e t i m i n g 
c h a n n e l s h ave t o be s e t r e a s o n a b l y h i g h i n o r d e r t o a v o i d s p u r i o u s 
t r i g g e r i n g o f t h e t i m e - t o - a m p l i t u d e c o n v e r t e r s and hence e r r o n e o u s 
a x i s d e t e r m i n a t i o n s . Though i t m i g h t be p o s s i b l e t o i m p r o v e 
m a t t e r s s l i g h t l y b y more c r i t i c a l a d j u s t m e n t o f t h e s e t h r e s h o l d s , 
i t i s f e l t t h e b e s t way w o u l d be t o add f u r t h e r t i m i n g d e t e c t o r s 
i n o r d e r t o b u i l d some r e d u n d a n c y i n t o t h e t i m i n g s y s t e m as w e l l 
as i m p r o v i n g t h e s t a t i s t i c a l a c c u r a c y o f t h e a x i s d i r e c t i o n . 
9.3 DETERMINATION OF THE POWER OF THE ZENITH ANGLE DISTRIBUTION 
The dependence o f t h e shower i n t e n s i t y on z e n i t h a n g l e 
i s g i v e n b y , 
1 ( 0 ) = 1 ( 0 ) c o s n O m ~ 2 s _ 1 s r _ 1 ( 9 . 1 ) 
w h e r e t h e a r e a i s me a s u r e d p e r p e n d i c u l a r t o t h e shower a x i s . 
From t h i s we c a n d e r i v e t h e number o f s h o w e r s , S, w i t h z e n i t h 
a n g l e b e t w e e n 0 and 0+d0 f a l l i n g i n an a r e a , one m e t r e s q u a r e , 
p e r p e n d i c u l a r t o t h e shower a x i s , and i n t i m e t , as b e i n g ? 
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S d0 = 2TTfcl(0) c o s n ( 0 ) s i n ( e ) de m 2 ( 9 . 2 ) 
T h i s d i s t r i b u t i o n c a n n o t , h o w e v e r , be d i r e c t l y c ompared w i t h 
t h a t o b t a i n e d f r o m t h e showe r d a t a . T h i s i s b e c a u s e t h e c o l l e c t i n g 
a r e a i s r e q u i r e d and t h i s i s a f u n c t i o n o f showe r s i z e and 
z e n i t h a n g l e , t h e l a t t e r b e i n g p a r t i c u l a r l y l a r g e a t l o w showe r 
s i z e s . The p r o c e d u r e f o r d e t e r m i n i n g n i s as f o l l o w s . 
F o r a g i v e n s h o w e r s i z e , N . an a r e a , A ( p e r p e n d i c u l a r 
t o t h e shower a x i s ) , c a n be f o u n d s u c h t h a t a l l s h o w e r s o f s i z e 
N T, o r g r e a t e r , t h a t f a l l i n t h e a r e a w i l l t r i g g e r t h e a r r a y . 
T h e r e f o r e i f we t a k e a z e n i t h a n g l e d i s t r i b u t i o n f o r s h o w e r s o f 
s i z e g r e a t e r t h a n N , t h e n i t c a n be c o m p a r e d t o , 
S d6 = 2rrkA 1 ( 0 ) c o s n ( 0 ) s i n ( e ) de ( 9 . 3 ) 
on t h e a s s u m p t i o n t h a t t h e shape o f t h e d i s t r i b u t i o n i s i n d e p e n d e n t 
o f t h e showe r s i z e . F o r e x a m p l e , a c u t has be e n p u t on t h e 
d i s t a n c e o f a c o r e , f r o m t h e c e n t r a l d e t e c t o r , o f 50m w h i c h i s 
5 
e g u i v a l e n t t o a shower s i z e o f 2 10 . So i f we c o u n t a l l s h o w e r s 
o f s i z e g r e a t e r t h a n t h i s , t h e n a f i t , u s i n g a c h i - s q u a r e t e s t , 
c a n be made t o ( 9 . 2 ) i n o r d e r t o o b t a i n a v a l u e f o r n. To use 
more o f t h e d a t a , a l o w e r shower s i z e i s t a k e n and a l l s h o w e r s 
o f t h i s s i z e o r above, w h i c h f a l l i n t h e r e l e v a n t c o l l e c t i n g 
a r e a a r e c o u n t e d . T h e r e a r e t w o p r o b l e m s w i t h t h i s . The f i r s t 
4 
i s t h a t f o r s h o w e r s o f s i z e l e s s t h a n 5 10 t h e z e n i t h a n g l e 
v a r i a t i o n becomes s i g n i f i c a n t . An a t t e m p t a t c o r r e c t i o n has been 
made by m u l t i p l y i n g t h e number i n a b i n b y a f a c t o r A N ^ / A 
d e r i v e d f r o m t h e c a l c u l a t e d c o l l e c t i n g a r e a s . The s e c o n d i s 
t h a t f o r l o w e r s h o w e r s i z e s t h e a r e a u s e d i s a l s o r e d u c e d and 
so t h e d a t a s e t i s a g a i n r e s t r i c t e d . 
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An a l t e r n a t i v e a p p r o a c h i s t o n o r m a l i s e a l l c o u n t s t o an 
a r e a e q u i v a l e n t t o a r a d i u s o f 50m by m u l t i p l y i n g t h e d a t a b y a 
f a c t o r A 2-'°/ / A . From t h e r e s u l t s i t c an be seen t h a t t h i s i s 
A 
r e a s o n a b l e e x c e p t f o r s m a l l s h o w e r s o f l e s s t h a n a b o u t 5 10"^, 
w h e r e t h e v a r i a t i o n i n t h e c o l l e c t i n g a r e a w i t h s i z e and z e n i t h 
a n g l e becomes much more r a p i d a nd hence t h e n o r m a l i s a t i o n f a c t o r 
i s much more u n c e r t a i n . 
The r e s u l t s o f t h e a n a l y s i s a r e g i v e n i n t a b l e 9.2. F o r 
t h e r e a s o n s c i t e d above and t h e l a c k o f d a t a , i t i s o n l y p o s s i b l e 
t o e s t i m a t e n as b e i n g i n t h e r e g i o n 8 t o 9. T h i s a g r e e s w e l l w i t h 
o t h e r q u o t e d v a l u e s , eg. n=8 a t sea l e v e l ( C o c c o n i , 1 9 5 8 ) . W i t h 
t h e d a t a f o r d i f f e r e n t s i z e r a n g e s t h e r e a p p e a r s t o be an i n c r e a s e 
i n n w i t h s i z e as has been s u g g e s t e d b y A s h t o n e t a l (1979) . 
T h e i r r e s u l t s a r e g i v e n i n t h e t a b l e and t h e a g r e e m e n t can be 
seen t o be good. However much more d a t a i s r e q u i r e d t o i m p r o v e 
s t a t i s t i c s . 
I n s t e a d o f a c h i - s q u a r e t e s t , i t i s p o s s i b l e t o d e r i v e 
a v a l u e o f n g r a p h i c a l l y f r o m t h e same d a t a . From ( 9 . 1 ) i t c an 
be seen t h a t a p l o t o f l o g ( l ( 8 ) ) v e r s u s log(cos(©)) w i l l be a 
s t r a i g h t l i n e o f s l o p e n. To f i n d I ( 0 ) f r o m a s e t o f d a t a , 
s u p p o s e t h a t N s h o w e r s , w i t h z e n i t h a n g l e s b e t w e e n © and 8+dQ, 
a r e o b s e r v e d t o c r o s s an a r e a A ( p e r p e n d i c u l a r t o t h e shower a x i s ) 
i n t i m e t . Suppose t h e 8 r a n g e i s f r o m 6^ t o 0^ w h e r e d6 = 82-6-^ 
and 8 = (8^+©2)/2. The i n t e n s i t y o f s h o w e r s i s t h e n g i v e n by, 
1 ( 6 ) = N / ( t A \ 2TT s i n (8) d8 ) 
Je, 
o r 1(8) = N / ( t A 2-n- ( c o s (9 ) - c o s ( e ) ) ( 9 .4) 
U s i n g t h i s e q u a t i o n and t h e c o r r e c t i o n s , m e n t i o n e d above, v a l u e s 
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o f n can be d e t e r m i n e d f r o m t h e p l o t o f l o g ( n / ( C O S ( 0 ^ ) - c o s ( 9 ? ) ) ) 
v e r s u s l o g ( 9 ) , an e x a m p l e o f w h i c h i s g i v e n i n f i g u r e 9.11. 
The a g r e e m e n t w i t h t h e o t h e r method i s good. 
9.4 DETERMINATION OF THE SIZE SPECTRUM 
9.4.1 P r e v i o u s D e t e r m i n a t i o n s 
D e t e r m i n a t i o n o f t h e s i z e s p e c t r u m has been c a r r i e d o u t 
by many w o r k e r s , and a t many a l t i t u d e s r a n g i n g f r o m s e a - l e v e l 
t o 10000m. Two methods a r e commonly u s e d . The f i r s t i s t h e 
d i r e c t d e t e r m i n a t i o n o f shower s i z e f r o m t h e a i r s h o w e r d a t a 
and t h e s e c o n d i s b y measurement o f t h e d e n s i t y s p e c t r u m ( w h i c h 
i s t h e f r e q u e n c y o f s h o w e r s , p(MdA., w h i c h g i v e d e n s i t i e s w i t h i n 
t h e r a n g e A t o A+dA p a r t i c l e s p e r u n i t a r e a a t a p a r t i c u l a r 
p o i n t and has t h e f o r m H(>M=kA ^ ) w h i c h c a n t h e n be c o n v e r t e d 
t o t h e number s p e c t r u m u s i n g t h e o r e t i c a l l y d e r i v e d r e l a t i o n s . 
A r e v i e w o f s i z e s p e c t r a i s g i v e n i n f i g u r e 9.12, t a k e n 
f r o m H i l l a s ( 1 9 7 2 ) . T h i s c l e a r l y shows t h e change i n s l o p e i n 
t h e s i z e r e g i o n 10^ t o 10^ and t h e c o n f u s i o n t h a t e x i s t s f o r 
g 
s i z e s above 10 (see c h a p t e r 8 ) . From t h i s i t c a n be seen t h a t 
t w o f u r t h e r t y p e s o f i n v e s t i g a t i o n a r e r e q u i r e d , f i r s t l y u s i n g 
v e r y l a r g e a r r a y s t o i n v e s t i g a t e t h e s p e c t r u m f o r l a r g e s h o w e r s 
and s e c o n d l y s m a l l t o medium s i z e a r r a y s t o i n v e s t i g a t e t h e knee 
r e g i o n . T a b l e 9.3 g i v e s t h e s l o p e s o f v a r i o u s s i z e s p e c t r a 
d e t e r m i n a t i o n s , a t s e a - l e v e l , made i n r e c e n t y e a r s . 
9.4.2 D e t e r m i n a t i o n o f t h e E n e r g y S p e c t r u m 
Measurement o f t h e s i z e s p e c t r u m a t d i f f e r e n t a l t i t u d e s 
c an g i v e an i n s i g h t i n t o t h e shower d e v e l o p m e n t , b u t t h e m a i n 
p u r p o s e o f d e t e r m i n i n g t h e s i z e s p e c t r u m i s t o e n a b l e t h e e n e r g y 
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FIGURE 9.12 : I n t e g r a l s h o w e r s i z e s p e c t r u m f o r n e a r v e r t i c a l 
s h o w e r s ( a f t e r H i l l a s , 1 9 7 2 ) . 
Dashed l i n e r e p r e s e n t s t h e e n v e l o p e o f a l l such 
c u r v e s . 
R e f e r e n c e l o p e S i z e r a n g e 
H i l l a s (1970) 1 . 4 7@ N«5 1 0 5 
2 . 00@ N>5 1 0 5 
A s h t o n & P a v e r e s h 1 N«7 1 0 5 
(1975) 2 .0@ N>7 1 0 5 
C a t z e t a l (1975) 1 . 59±0„ 02 4 6 5 10 <N<10 
2 .19±0. 02 1 0 6 < N « 1 0 7 
A s a k i m o r i e t a l (1981) 1 ,85±0. 06 5 6 10 <N<10 
1 .4(3) 5 1 0 4 < N « 1 0 5 
H a r a e t a l (1981) 1 . 55±0. 1 10 5<N<1.73 1 0 6 
1 .90±0. 1 1.73 1 0 6 < N « 1 0 8 
C r o u c h e t a l (1981) 2 . 01<a N^5 1 0 5 
( d i f f e r e n t i a l ) 3 .00±0. 06 5 1 0 5 < N < 1 0 7 
C l a y & G e r h a r d y (1982) 2 .90±0. 05 5 1 0 5 < N < 1 0 7 
( d i f f e r e n t i a l ) 
(|) s l o p e s e s t i m a t e d 
TABLE 9.3 Re c e n t s e a - l e v e l d e t e r m i n a t i o n s o f t h e s i z e s p e c t r u m 
s l o p e . (The s p e c t r a a r e i n t e g r a l u n l e s s s t a t e d 
o t h e r w i s e ) . 
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s p e c t r u m t o be d e t e r m i n e d . D i r e c t m e a surements o f t h e e n e r g y 
h a v e been made b y b a l l o o n b o r n e d e t e c t o r s , c o v e r i n g e n e r g i e s 
17 15 u p t o 10 eV, and e x t e n d e d t o 10 eV by t h e s a t e l l i t e o b s e r v a t i o n s 
o f G r i g o r o v e t a l ( 1 9 7 0 ) . Above t h i s e n e r g y , t h e low f l u x means 
t h a t t h e e n e r g y s p e c t r u m has t o be i n d i r e c t l y d e t e r m i n e d f r o m a i r 
s h o w e r s , e i t h e r u s i n g t h e e l e c t r o n o r muon number s p e c t r a . 
The r e l a t i o n s h i p b e t w e e n t h e e l e c t r o n number o f a shower 
and t h e p r i m a r y e n e r g y has been i n v e s t i g a t e d b y many w o r k e r s , 
u s i n g c a l c u l a t i o n o r s i m u l a t i o n t e c h n i q u e s . R e a s o n a b l e a g r e e -
ment has be e n o b t a i n e d b e t w e e n t h e d i f f e r e n t c a l c u l a t i o n s , 
d i f f e r e n c e s b e i n g due t o t h e c h o i c e o f i n t e r a c t i o n m o d e l . 
F i g u r e 9.13 shows t h e r e s u l t s o f t h e s i m u l a t i o n o f D i x o n e t a ] 
(1974) w h i c h uses a n so< E 4 m u l t i p l i c i t y l a w and t h e c a l c u l a t i o n s 
o f Kempa (1976) where m u l t i p l i c i t y l a w s n s<x E 4 and n scx E 2 a r e 
i n v e s t i g a t e d . From t h e s e , a mean c o n v e r s i o n f u n c t i o n has been 
d e t e r m i n e d as, 
E = 1.74 1 0 7 N ° - 9 2 e V N^IO 5 ( 9 . 5 ) 
P 
9.5 PRESENT DETERMINATION OF THE SIZE SPECTRUM 
9.5.1 I n t r o d u c t i o n 
The c u t s on t h e d a t a a r e i m p o r t a n t when d e t e r m i n i n g t h e 
s i z e s p e c t r u m , s i n c e t h e a b s o l u t e r a t e o f s h o w e r s has t o be 
c a l c u l a t e d , and t h u s c e r t a i n c o r r e c t i o n s a r e r e q u i r e d . A f u r t h e r 
r e s t r i c t i o n i s as f o l l o w s . The t r i g g e r i n g p r o b a b i l i t y , as a 
f u n c t i o n o f e l e c t r o n s hower s i z e has be e n g i v e n i n f i g u r e 6.15. 
From t h i s i t has been d e c i d e d t o r e s t r i c t t h e shower s i z e r a n g e 
t o t h a t f o r w h i c h t h e t r i g g e r i n g p r o b a b i l i t y i s g r e a t e r t h a n o r 
e q u a l t o 90%. Due t o t h e r a p i d f a l l - o f f o f p r o b a b i l i t y b e l o w t h i s 
v a l u e , c o r r e c t i o n s w i l l become i n c r e a s i n g l y i n a c c u r a t e , t h u s t h e 
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FIGURE 9.13 s The v a r i a t i o n of shower size w i t h primary energy 
c a l c u l a t e d f o r sea-level. 
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c u t - o f f has been c h o s e n by t r a d i n g o f f b e t w e e n m a i n t a i n i n g a 
u s e f u l s i z e r a n g e and a c c u r a c y o f t h e r e s u l t . T h i s r e s t r i c t i o n 
5 5 on r a n g e i s 5 10 t o 7.5 10 . 
9.5.2 C a l c u l a t i o n o f t h e S i z e S p e c t r u m 
T a b l e 9.4 c o n t a i n s t h e b a s i c d a t a u s e d t o d e t e r m i n e t h e 
s i z e s p e c t r u m . The d a t a was i n i t i a l l y b i n n e d by l o g ( j ] ) / 5 0 . Each 
number i n d i c a t e s t h e number o f s h o w e r s f a l l i n g w i t h i n t h e r e l e v a n t 
c o l l e c t i n g a r e a , i n t h e s e n s i t i v e t i m e , w i t h z e n i t h a n g l e l e s s 
t h a n 30°, h a v i n g a s e a r c h c h i - s q u a r e o f l e s s t h a n 10 and a 
s h o w e r s i z e w i t h i n t h e b i n r a n g e . To c o n v e r t t h e s e t o p r o d u c e 
t h e d i f f e r e n t i a l s p e c t r u m r e q u i r e s t h e f o l l o w i n g c o r r e c t i o n s t o 
be made. 
( i ) Time: The t o t a l s e n s i t i v e t i m e , t , v/as 454200s. 
( i i ) C o l l e c t i n g a r e a , A^: T h i s c o u l d be d e t e r m i n e d f r o m t h e 
p l o t s o f c o l l e c t i n g a r e a as a f u n c t i o n o f s i z e g i v e n i n a p p e n d i x 
5 
B. F o r s h o w e r s i z e s g r e a t e r t h a n 2 10 , t h e r a d i u s o f t h i s a r e a 
e x c e e d s 50m and t h e r e f o r e , s i n c e a c u t i s made a t t h i s d i s t a n c e , 
2 
t h e a r e a i s t a k e n as 7854m f o r t h e s e s h o w e r s . I n p r a c t i c e t h e 
t r i g g e r i n g p r o b a b i l i t y , P N, ( g i v e n i n f i g u r e G.15) i s u s e d as 
t h i s a c c o u n t s f o r f l u c t u a t i o n s and a x i s d i r e c t i o n as w e l l as 
5 
c o l l e c t i n g a r e a . However f o r s m a l l shower s i z e , i e . b e l o w 10 , 
becomes l e s s a c c u r a t e and t h e c o l l e c t i n g a r e a c o r r e c t i o n i s 
u s e d , t h e a r e a b e i n g t a k e n as t h a t f o r a z e n i t h a n g l e o f 20°. 
( i i i ) S o l i d a n g l e : The r a t e p e r s t e r a d i a n i s r e q u i r e d w hereas 
t h e d a t a i s f o r a s o l i d cone o f a n g l e 60°. To c o r r e c t f o r t h i s , 
we f i r s t t a k e i n t e n s i t y as a f u n c t i o n o f z e n i t h a n g l e . 
!(©) = 1 ( 0 ) c o s n ( & ) m " 2 s " 1 s r " 1 
l o g ( s h o w e r s i z e ) 













































































































TABLE 9.4 : B a s i c d a t a f o r sho w e r s i z e s p e c t r u m d e t e r m i n a t i o n 
0<3O°, R«50rn, X 2 < 1 0 . 
- 1 2 1 -
The i n t e n s i t y o f sho w e r s w i t h z e n i t h a n g l e b e t w e e n G and ©+d0 
i s g i v e n b y , 
1 ( 6 ) 2 - r r s i n O - ) d6 r r f 2 s~ 1 s r ~ 1 6 ~ 1 ( 9 . 6 ) 
I n t h i s c a s e o n l y z e n i t h a n g l e s up t o 30° a r e c o n s i d e r e d , so t h a t 
t h e i n t e n s i t y i s g i v e n b y , 
I (0->0+d6, 9^30) - 1 ( 0 ) 2^r c o s n ( e ) s i n ( e ) d6 m s " ( 9 . 7 ) 
Jo 
and t a k i n g n as 8 g i v e s , 
I (9 -> 6+ d©, 9"^. 3 0) = 0.51 1 ( 0 ) m ~ 2 s - 1 ( 9 . 8 ) 
- 2 - 1 
So we r e q u i r e t o m u l t i p l y t h e r a t e (m s ) b y 1.97. 
( i v ) O t h e r s : 5% o f d a t a i s r e j e c t e d due t o h i g h c h i - s q u a r e . 
T h i s i s assumed t o be s i z e i n d e p e n d e n t and t h e r a t e i s t h e r e f o r e 
m u l t i p l i e d b y 1.05 t o c o r r e c t f o r t h i s . The o t h e r m a i n l o s s i s 
due t o s h o w e r s whose axes c a n n o t be d e t e r m i n e d due t o l a c k o f 
t i m i n g i n f o r m a t i o n . A l t h o u g h t h e s e number a b o u t 10%, t h i s i s n o t 
s i z e i n d e p e n d e n t s i n c e t h e y a r e more l i k e l y t o be l a r g e s h o w e r s 
f a l l i n g a t g r e a t d i s t a n c e s f r o m t h e c e n t r e . T h e r e f o r e t h i s e r r o r 
i s n o t t a k e n i n t o a c c o u n t . 
F i g u r e s 9.14 and 9.15 show t h e c a l c u l a t e d d i f f e r e n t i a l and 
i n t e g r a l r a t e s o f EAS a t s e a - l e v e l . C o m p a r i s o n s a r e made w i t h 
t h e m easurements o f P a v e r e s h ( 1 9 7 5 ) , C r o u c h e t a l ( 1 9 8 0 ) , 
A b d u l l a h (1982) and t h e summary o f H i l l a s ( 1 9 7 0 ) . The r e s u l t i n g 
s l o p e s a r e as f o l l o w s : 
D i f f e r e n t i a l s p e c t r u m 2.33±0.15 2 10 >M 
2 . 99±0 .20 2 1 0Cj< II 
I n t e g r a l s p e c t r u m 1.4 410.00 2 10 J> ! I 
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FIGURE 9.14 The v e r t i c a l d i f f e r e n t i a ] s i z e s p e c t r u m o f 
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FIGURE 9.15 The v e r t i c a l i n t e g r a ] .size s p e c t e r • o f EA:; a 
sea-1 eve 1 . 
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These c an be compared t o t h e f i g u r e s g i v e n i n t a b l e 9.3. 
Though t h e s l o p e s a r e i n r e a s o n a b l y g o o d a g r e e m e n t w i t h p r e v i o u s 
m e a s u r e m e n t s , t h e a b s o l u t e r a t e i s much l o w e r . I n t h e r e g i o n o f 
g r e a t e s t s e n s i t i v i t y , i e . 3 1 0 J t o 7.5 10" 1, i t i s down b y a 
f a c t o r o f t h r e e . T h i s c o u l d , i n p a r t , be e x p l a i n e d b y s h o w e r s 
w i t h i n s u f f i c i e n t d a t a f o r p r o c e s s i n g , as m e n t i o n e d p r e v i o u s l y . 
A n o t h e r e x p l a n a t i o n i s i n a c c u r a c y i n t h e shower s i z e d e t e r m i n -
a t i o n . Two f a c t o r s i n f l u e n c e t h i s . These a r e t h e l a t e r a l s t r u c t u r e 
f u n c t i o n and t h e b i a s i n t r o d u c e d b y t h e c o r e l o c a t i o n p r o c e d u r e . 
T h i s l a t t e r i n t r o d u c e s t h e l a r g e s t e r r o r and f r o m f i g u r e 6.16 
i t c a n be se e n t h a t t h e c o r r e c t i o n r e q u i r e d i s u n c e r t a i n . However 
t h e e v i d e n c e f r o m t h e d a t a d i s t r i b u t i o n s , e s p e c i a l l y t h a t o f t h e 
c o r e l o c a t i o n , seem t o i n d i c a t e t h a t t h e s i z e i s d e t e r m i n e d 
r e a s o n a b l y w e l l . 
9.6 CONCLUSIONS 
These r e s u l t s i n d i c a t e a number o f m o d i f i c a t i o n s and 
i n v e s t i g a t i o n s t h a t need t o be u n d e r t a k e n i n o r d e r t o i m p r o v e 
t h e p e r f o r m a n c e o f t h e a i r sh o w e r a r r a y . I n o r d e r t o e x t e n d t h e 
u s e f u l s h o w e r s i z e r a n g e , t h e e f f e c t s o f i n c r e a s i n g t h e d y n a m i c 
r a n g e o f t h e d e n s i t y d a t a e l e c t r o n i c s and c h a n g i n g t r i g g e r l e v e l s , 
on t h e p r o b a b i l i t y o f t r i g g e r i n g need t o be i n v e s t i g a t e d . By 
d o i n g t h i s t h e showe r s i z e r a n g e o f i n t e r e s t c a n be s e l e c t e d 
and o p t i m i s e d . E x t r a d e t e c t o r s w i l l a l s o h e l p i n t h i s m a t t e r . 
The methods d e s c r i b e d i n t h e c h a p t e r on d a t a p r o c e s s i n g c a n be 
u s e d f o r t h i s w o r k . The o t h e r p r o b l e m i s t o m i n i m i s e d a t a l o s s e s , 
i e . t o a v o i d many sho w e r s b e i n g l o s t due t o t h e i r n o t b e i n g a b l e 
t o be p r o c e s s e d . Many o f t h e s e w e re due t o l a c k o f t i m i n g d a t a 
due t o s i g n a l s f r o m t h e t i m i n g d e t e c t o r s b e i n g b e l o w t h e t h r e s h o l d 
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s e t t o e l i m i n a t e n o i s e and hence s p u r i o u s t i m i n g d a t a . The 
t r i g g e r i n g c o u l d be r a i s e d b u t t h i s w o u l d r a i s e t h e minimum showe 
s i z e d e t e c t a b l e and r e d u c e t h e shower r a t e . A more s a t i s f a c t o r y 
s o l u t i o n w o u l d be t o i n c r e a s e t h e number o f d e t e c t o r s i n t h e 
a r r a y and so b u i l d i n an e l e m e n t o f r e d u n d a n c y . The s y s t e m 
d e s c r i b e d a l l o w s t h i s t o be done f a i r l y e a s i l y . 
- I 2 3 a -
N o t e added i n p r o o f 
Two e r r o r s h a ve been f o u n d i n t h e c a l c u l a t i o n o f t h e 
c a l i b r a t i o n c o e f f i c i e n t s f o r t h e d e t e c t o r d e n s i t y c h a n n e l s . 
These a r e as f o l l o w s : 
(a) The mode t o mean r a t i o s , R, have been f o u n d t o be i n e r r o r . 
New r a t i o s h a v e been c a l c u l a t e d f r o m t h e p u l s e h e i g h t c a l i b r a t i o n 
c u r v e s and, on a v e r a g e , f o u n d t o be 7 0 % o f t h o s e u s e d p r e v i o u s l y . 
(b) The r a t i o o f t h e v e r t i c a l f l u x t o t h e g l o b a l f l u x h a s been 
o m i t t e d . The a v e r a g e v a l u e f o r t h i s has b e e n d e t e r m i n e d as 0.8, 
f o r a l l d e t e c t o r s , b y M. T r e a s u r e ( p r i v a t e c o m m u n i c a t i o n ) . 
These t w o e r r o r s mean t h a t t h e d e n s i t i e s h a ve been u n d e r - e s t i m a t e d 
b y a p p r o x i m a t e l y 44%. 
T h i s has s e v e r a l e f f e c t s , 
( i ) A l l d e n s i t i e s s h o u l d be i n c r e a s e d b y a f a c t o r o f 1.8. 
( i i ) T h i s has no e f f e c t on c o r e l o c a t i o n s b u t a l l s h o w e r s i z e s 
a r e i n c r e a s e d b y a f a c t o r o f 1.8. 
( i i i ) The t r i g g e r l e v e l s a r e i n c r e a s e d b y a f a c t o r o f 1.8. 
( i v ) The shape o f t h e number s p e c t r u m i s a l t e r e d . 
The d i f f e r e n t i a l and i n t e g r a l number s p e c t r a h a ve been 
r e c a l c u l a t e d and a r e shown i n f i g u r e s 9.14a and 9.15a. Two s e t s 
a r e shown. One i n c l u d e s t h e s i z e c o r r e c t i o n due t o t h e m i n i m i s -
a t i o n t e c h n i q u e (§6.4.4) and t h e o t h e r i s u n c o r r e c t e d f o r t h i s . 
I t i s seen t h a t i n t h e r e g i o n o f h i g h c o n f i d e n c e (3 10^ 
t o 7.5 10"*) a g r e e m e n t o f t h e f o r m e r w i t h t h e p r e v i o u s d e t e r m i n a t i o n 
o f P a v a r e s h (1975) i s good. Above t h i s r e g i o n t h e s i m u l a t i o n 
c o r r e c t i o n f o r N i s u n c e r t a i n . Below t h i s r e g i o n t h e u n c e r t a i n t i e s 
-123b-
i n c o r r e c t i n g f o r c o l l e c t i n g a r e a become l a r g e , as t h e a r e a f a l l s 
r a p i d l y w i t h s hower s i z e , and t h e asymmetry o f t h e a r r a y a l s o 
i n t r o d u c e s e r r o r . However i t a p p e a r s t h a t t h e c o r r e c t i o n s , 
d e t e r m i n e d f r o m t h e s i m u l a t i o n and c o l l e c t i n g a r e a a n a l y s i s , a l s o 
4 5 
h o l d good f o r t h e s i z e r a n g e 8 10 t o 3 10 . 
V a l u e s o f t a r e : 
D i f f e r e n t i a l 2.47±0.06 1 10 5«N<8 1 0 5 
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FIGURE 9.14a s The v e r t i c a l d i f f e r e n t i a l s i z e s p e c t r u m o f EAS a t 
s e a - l e v e l . 0 w i t h o u t s i z e c o r r e c t i o n , ® w i t h s i z e 
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FIGURE 9.15a : The v e r t i c a l i n t e g r a l s i z e s p e c t r u m o f EAS a t s e a -
l e v e l . a w i t h o u t s i z e c o r r e c t i o n , o w i t h s i z e 
c o r r e c t i o n . 
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CHAPTER 10 
SUMMARY AND CONCLUSIONS 
An e x p e r i m e n t t o s e a r c h f o r t a c h y o n s has been d e s c r i b e d 
w h i c h i n v o l v e d l o o k i n g f o r p r e c u r s o r s t o EAS on t h e b a s i s t h a t 
t a c h y o n s may be p r o d u c e d i n t h e h i g h e n e r g y i n t e r a c t i o n s w h i c h 
o c c u r when a p r i m a r y c o s m i c r a y p a r t i c l e makes i t s f i r s t 
i n t e r a c t i o n w i t h a m o l e c u l e i n t h e u p p e r a t m o s p h e r e . No e v i d e n c e 
f o r t h e s e p r e c u r s o r s was f o u n d . However i n t h e l i g h t o f t h e f a c t 
t h a t t h e o r i e s o f t h e i r i n t e r a c t i o n s w i t h o r d i n a r y m a t t e r a r e s t i l l 
n o t w e l l f o u n d e d , i t i s s u g g e s t e d t h a t f u r t h e r s e a r c h e s a r e 
w o r t h w h i l e , e s p e c i a l l y i n t h e c o s m i c r a d i a t i o n . These s e a r c h e s 
c o u l d t a k e a s i m i l a r f o r m t o t h a t g i v e n h e r e , w i t h s h i e l d i n g 
o f d i f f e r e n t t y p e s t o p r o v i d e a t a r g e t f o r t a c h y o n s and t h e 
p o s s i b l e p r o d u c t i o n o f o b s e r v a b l e p a r t i c l e s . The u n c e r t a i n t y o f 
t h e f o r m s o f i n t e r a c t i o n , i f any, a l s o means t h a t s e a r c h e s o f 
d i f f e r e n t t y p e s , eg. t i m e - o f - f l i g h t m e a s u r e m e n t s , and u s i n g 
d i f f e r e n t t y p e s o f d e t e c t o r s , s h o u l d be c o n d u c t e d . 
The l a t t e r p a r t o f t h i s t h e s i s d e s c r i b e s t h e i m p r o v e m e n t s 
and m o d i f i c a t i o n s made t o t h e Durham U n i v e r s i t y A i r Shower A r r a y , 
i n o r d e r t o make i t s u i t a b l e as a t r i g g e r s o u r c e and t o p r o v i d e 
a i r s h o w e r d a t a f o r o t h e r c o s m i c r a y e x p e r i m e n t s , e g . t h e f l a s h 
t u b e chamber. The ch a n g e s made i n c l u d e d m e c h a n i c a l i m p r o v e m e n t s , 
t o e nhance r e l i a b i l i t y , and t h e i n t r o d u c t i o n o f an a u t o m a t i c 
d a t a r e c o r d i n g s y s t e m , u s i n g a PET m i c r o c o m p u t e r . 
V a r i o u s methods o f c h e c k i n g t h e a r r a y d a t a h a v e b e e n 
d e s c r i b e d , i n c l u d i n g t h e s i m u l a t i o n o f d a t a f r o m s h o w e r s 
t r i g g e r i n g t h e a r r a y . The d a t a , f r o m a s h o r t r u n , was f o u n d , i n 
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t h e m a i n , t o be c o n s i s t e n t w i t h i t s c o r r e c t o p e r a t i o n . However 
tw o i n t e r e s t i n g d i s c r e p e n c i e s o c c u r r e d . The f i r s t was t h e non-
u n i f o r m i t y o f t h e a z i m u t h a l a n g l e d i s t r i b u t i o n . A d e t a i l e d 
e x a m i n a t i o n o f t h e a r r a y c o l l e c t i n g a r e a r e v e a l e d t h a t t h e 
o b s e r v e d s t r u c t u r e c o u l d n o t be e x p l a i n e d by t h e v a r i a t i o n o f 
c o l l e c t i n g a r e a w i t h a z i m u t h a l a n g l e . I t i s t h u s t h o u g h t t h a t i t 
i s due t o l o c a l a b s o r p t i o n by w a l l s a d j a c e n t t o c e r t a i n d e t e c t o r s . 
The o t h e r d i s c r e p e n c y i s i n t h e s i z e s p e c t r u m . A l t h o u g h t h e 
s l o p e i s s i m i l a r t o p r e v i o u s d e t e r m i n a t i o n s , t h e a b s o l u t e r a t e 
i s a p p r o x i m a t e l y t h r e e t i m e s t o o l o w . I t i s u n c e r t a i n as t o t h e 
c a u s e o f t h i s and i t i s c o n c l u d e d t h a t a f u r t h e r r u n o f t h e 
e x p e r i m e n t i s r e q u i r e d t o d e t e r m i n e w h e t h e r t h i s i s a r e a l 
e f f e c t o r due t o i n s t r u m e n t a l o r p r o c e s s i n g b i a s e s . 
From t h e s i m u l a t i o n s and d a t a i t i s e v i d e n t t h a t a number 
o f i m p r o v e m e n t s a r e r e q u i r e d t o be made t o t h e a r r a y . These 
i n c l u d e i n c r e a s i n g t h e number o f d e t e c t o r s , t o i m p r o v e t h e 
a c c u r a c y o f c o r e l o c a t i o n and s h o w e r s i z e d e t e r m i n a t i o n , and t o 
i n c r e a s e t h e d y n a m i c r a n g e o f t h e d e n s i t y c h a n n e l s i n o r d e r t o 
i n c r e a s e t h e e f f i c i e n c y o f p r o c e s s i n g l a r g e s h o w e r s o f N ^ 1 0 . 
The f o r m e r i m p r o v e m e n t has been a l l o w e d f o r i n t h e d a t a c o l l e c t i o n 
s y s t e m , w h i c h has p r o v i s i o n f o r u p t o a t o t a l o f 24 d e t e c t o r s . 
O t h e r i m p r o v e m e n t s a r e d e t a i l e d i n c h a p t e r 9. 
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APPENDIX A 
DATA COLLECTION AND PROCESSING PROGRAMS 
The p r o g r a m s u s e d i n t h e c o l l e c t i o n and a n a l y s i s o f t h e 
d a t a a r e l i s t e d i n t h e f o l l o w i n g f i g u r e s . The f u n c t i o n o f t h e 
p r o g r a m s a r e as f o l l o w s : 
F i g u r e A.1 STORE.GO (§5.4.2) : T h i s p r o g r a m r e a d s d a t a f r o m t h e 
a n a l o g u e t o d i g i t a l c o n v e r t e r , s t o r e s i t i n memory and t h e n 
t r a n s f e r s i t t o f l o p p y d i s c . 
F i g u r e A.2 SET.GO (§5.4.2) ; T h i s p r o g r a m s e t s up p a r a m e t e r s 
f o r u s e b y STORE.GO. 
F i g u r e A.3 SETUP (§5.4.2) : T h i s p r o g r a m s e t s up u s e r s u p p l i e d 
v a r i a b l e s f o r use b y STORE.GO. 
F i g u r e A.4 DATAPROC (§6.2) ; T h i s p r o g r a m c o n v e r t s t h e raw 
d a t a , f r o m d i s c , t o g i v e d e n s i t i e s , t i m e s , a x i s d i r e c t i o n and 
v a r i o u s o t h e r s h o w e r i n f o r m a t i o n . 
F i g u r e A.5 CORELOC (§6.3) t T h i s p r o g r a m t a k e s t h e d e n s i t y , 
t i m i n g and a x i s i n f o r m a t i o n a nd p r o d u c e s an e s t i m a t e o f t h e 
shower s i z e a nd c o r e l o c a t i o n . 
F i g u r e A.6 SHOWERSIM (§6.4.3) s T h i s p r o g r a m s i m u l a t e s 
s h o w e r s f a l l i n g on t h e a r r a y . D a t a i s p r o d u c e d i n a f o r m s u i t a b l e 
f o r p r o c e s s i n g b y CORELOC. 
F i g u r e A.7 COLLECTAREA ( A p p e n d i x B) % T h i s p r o g r a m c a l c u l a t e s 
t h e a r e a o f i n t e r s e c t i o n o f f o u r c i r c l e s , c e n t r e d on t h e f o u r 
t r i g g e r i n g d e t e c t o r s . The r a d i i o f t h e c i r c l e s a r e d e t e r m i n e d 
f r o m t h e t r i g g e r i n g c o n d i t i o n s and t h e s h o w e r s i z e , u s i n g t h e 
G r e i s e n f u n c t i o n . The r e s u l t i n g a r e a i s t h u s t h e c o l l e c t i n g 
a r e a f o r t h e r e l e v a n t c o n d i t i o n s . 
3URE A . l : P r o g r a m STORE.GO 
DO AD B5 7F LDA $7FB5 
03 FO 03 BEQ $7E08 
55 6C B6 7F JMP ($7FB6) 
08 AD 4D E8 LDA $EB4D 
I>B 29 02 AND £$02 
OD C9 02 CMP £$02 
>F DO F4 BNE $7E05 
11 78 S E I 
L2 EE B5 7F INC $7FB5 
15 A9 02 LDA £$02 
17 8D 4E E8 STA $E84E 
LA A5 E5 LDA $E5 
LC 48 PHA 
ID A5 E6 LDA $E6 
LF 48 PHA 
20 A5 F7 LDA *F7 
12 48 PHA 
23 A5 F8 LDA *F8 
25 48 PHA 
26 A9 A4 LDA £*A4 
IB 8D B6 7F STA *7FB6 
2B A9 7F LDA fc*7F 
ID 8D B7 7F STA $7FB7 
30 AO 00 LDY £$00 
32 A9 CO LDA £$C0 
J4 8D 4C E8 STA *ES4C 
)7 AD 41 E8 LDA *E841 
3A 49 F F EOR £*FF 
tC 91 06 STA ( * 0 6 ) t Y 
JE C8 I NY 
JF A9 EO LDA fc*E0 
H 8D 4C E8 STA $E84C 
[4 AD 41 E8 LDA $E841 
*7 49 F F EOR £*FF 
i9 29 OF AND £$0F 
LB 91 06 STA (*06)•Y 
D C8 INY 
IE A2 07 LDX £*07 
0 AD 4D E8 LDA *E84D 
>3 29 02 AND £$02 
5 C9 02 CMP £*02 
>7 FO D9 BEQ *7E32 
9 CA DEX 
>A EO 00 CPX £$00 
C DO F2 BNE $7E50 
E 58 C L I 
F EE B i 7F INC $ 7 F B i 
2 EE B2 7F INC $7FB2 
5 AD 00 02 LDA $0200 
>B 91 06 STA ( $ 0 6 ) * Y 
A C8 INY 
B AD 01 02 LDA $0201 
E 91 06 STA ( $ 0 6 ) , Y 
0 C8 INY 
1 AD B l 7F LDA *7FB1 
4 91 06 STA ( $ 0 6 ) t Y 
6 C8 INY 
/CHECK FLAG 
/ I F FLAG SET THEN INCREMENT CLOCK 
/ELSE CHECK FOR ADC INTERRUPT 
/ I F NO ADC INTERRUPT THEN PERFORM RETRACE 
/ELSE DISABLE INTERRUPT 
/SET FLAG 
/ENABLE INTERRUPT 
/SAVE BYTES, AT LOCATIONS TO BE USED BY 
/ROUTINE, ON STACK 
/SET RETRACE VECTOR TO PERFORM CLOCK 
/INCREMENT ONLY 





/LOOK AT LOW ORDER BYTE 
/EOR 
/AND NEGLECT 4 MSB 
/STORE 
/CHECK FOR NEXT INTERRUPT 
/ I F FOUND, READ NEXT DATA 
/ELSE COUNT OUT 
/ I F NO INTERRUPT OCCURS AFTER COUNT OUT 
/THEN CONTINUE 
/INCREMENT SHOWER NUMBER AND DISC SAVE 
/COUNT 
/STORE TIME 
/STORE SHOWER NUMBER 
SURE A. 1 : c o n t i n u e d 
7 A9 FF LDA fc$FF 
9 91 06 STA ( * 0 6 ) t Y 
B A5 06 LDA $06 
D 69 19 ADC £$19 
F 85 06 STA $06 
1 90 02 RCC $7E85 
3 E6 07 INC *07 
5 A 5 07 LDA $07 
7 C9 6B CMP £$6E< 
9 DO OC BNE $7E97 
B A 5 06 LDA $06 
D C9 E7 CMP £$E7 
F 90 06 BCC $7E97 
1 E6 07 INC $07 
3 A9 80 LDA £$80 
5 85 06 STA $06 
7 AD B2 7F LDA $7FB2 
A C9 14 CMP £$14 
C FO 07 BEQ $7EA5 
E AD B l 7F LDA $7FB1 
1 C9 BF CMP £$BF 
3 DO 03 BNE $7EA8 
5 20 Dl 7E JSR $7ED1 
8 78 S E I 
9 68 PLA 
A 85 E5 STA $E5 
C 68 PLA 
D 85 E6 STA $E6 
F 68 PLA 
0 85 F7 STA *F7 
2 68 PLA 
3 85 F8 BTA $F8 
5 A9 AA LDA £$AA 
7 8D B6 7F STA $7FB6 
A A9 7F LDA £$7F 
C 8D B7 7F STA $7FB7 
F AD 4D E8 LDA *E84D 
2 8D 4D E8 STA $E84D 
5 A9 82 LDA £$82 
7 8D 4E E8 STA $E84E 
A CE B5 7F DEC $7FB5 
D 58 C L I 
E 4C 7E E6 JMP $E67E 
1 AD BA 7F LDA $7FBA 
4 85 FD STA $FD 
6 AD BB 7F LDA $7FBB 
9 85 F E STA $FE 
B AD B3 7F LDA $7FB3 
E 29 FO AND £$F0 
0 4A LSR A 









4 20 2£ 7F JSR $7F2E 
7 E6 FD INC $FD 
9 AD B3 7F LDA $7FB3 
C 29 OF AND £$0F 
E 20 2E 7F JSR $7F2E 
1 20 40 7F JSR $7F40 
4 18 CLC 
5 AD B l 7F LDA $7FB1 
B C9 BF CMP £$BF 
A FO 01 BEQ $7EFIi 
/STORE TERMINATOR 
/INCREMENT DATA BUFFER BASE ADDRESS FOR 
/NEXT SHOWER 
/ I F BASE ADDRESS OCCURS I N AREA OF BAD 
/MEMORY THEN AVOID 
/CHECK I F DISC STORAGE REQUIRED 
/ I E . DISC SAVE INTERVAL REACHED OR TRACK 
/FULL 
/STORE ON DISC ROUTINE 
/SET INTERRUPT DISABLE 
/RESTORE LOCATIONS FROM STACK 
/RESET RETRACE VECTOR 
/CLEAR INTERRUPT FLAG 
/ENABLE INTERRUPT 
/CLEAR FLAG 
/CLEAR INTERRUPT DISABLE 
/EXIT FROM INTERRUPT 
/SET ADDRESS OF F I L E NAME 
/GET FI L E NUMBER 
/CONVERT TO A S C I I AND INSERT I N FI L E NAME 
/DISC SAVE 
/ I F FULL TRACK THEN CONTINUE 
/ELSE RETURN 







































































































































































































































































/INCREASE F I L E NUMBER 
/ I F FULL DISC THEN JUMP 
/ELSE CHECK FOR DISC NUMBER = 2 
/ I F DISC = 2 WRITE "CHANGE DISCS" AND 
/SET DISC TO 0 
/INCREMENT DISC NUMBER 
/SET F I L E NUMBER TO 1 
/RESET BASE ADDRESS 
/RESET SHOWER NUMBER 
/RETURN 
/ A S C I I CONVERSION ROUTINE 
/DISC SAVE ROUTINE 
/ENTER COMMAND MODE 
/SET DISC NUMBER 
/CLEAR CURRENT F I L E DATA AREA 
/LOAD F I L E NAME 
/OPEN DRIVE AND READ DIRECTORY RETURN 
/ALLOCATE F I L E TRACK 
/SET INDEX DATA 
/CLEAR COUNTER FOR DISC SAVE 
/RELOAD POINTERS I N A F F l - AFF4 
/BLOCK POINTERS I N 00F7/8,00E5/6 
/SAVE RELOCATABLE PROGRAM 
/PRINT "CHANGE DISCS" ROUTINE 
RE A. 1 : c o n t i n u e d 
A9 20 LDA fc*20 
9D 00 80 OTA $8000> 
CA DEX 
iO FA BPL $7F8F 
BD C3 7F LDA %7FC3, 
C9 F F CMP £*FF 
FO 07 BEQ $7FA3 
9D 00 80 STA $8000f 
E8 INX 
4C 95 7F JMP $7F95 
60 RTS 
20 36 F7 JSR $F736 
4C 7E E6 JMP $E67E 
AD 12 MS LDA $E812 
58 C L I 
4C 85 E6 JMP $E685 
X /CLEAR TOP OF SCREEN 
X 




















































































































































/SET TOP OF BASIC TO PROTECT STORE.GO AND 
/DATA BUFFER 
/TRANSFERS I N I T I A L DATA FOR USE BY 
/STORE.GO FROM THIS ROUTINE TO END OF 
/STORE.GO 
/ I N I T I A L I S E S BASE ADDRESS OF DATA BUFFER 
/SETS REGISTERS 
/ I E . DATA DIRECTION FOR INPUT 
/ INTERRUPT FLAG 
/ AUXILLIARY CONTROL FOR LATCHING ON 
/ -VE INPUT 
/CLEAR INTERRUPT FLAG REGISTER 
/ALTER INTERRUPT VECTOR 
/ENABLE INTERRUPT 
6 7 8 9 A B C D E F 0 1 2 3 4 5 
00 00 01 31 00 AA 7F 00 6A C I 7F 44 D 41 A 54 T 41 A 23 * 
i 30 0 31 1 2A * 2A * 2A * 03 C 08 H 01 A OE N 07 G 05 E 20 04 D 09 I 13 S OB K 
13 S 2A * 2A * 2A * F F 
COUNTERS 0386-038A 
RETRACE VECTOR 038B,038C 
BUFFER BASE 038D,038E 
FILENAME ADDRESS 038F,0390 
GURE A.3 : Pro g r a m SETUP 
REM PROGRAM SETUP 
REM 
REM I N I T I A L I Z E S VARIABLES USED BY STORE.GO 
INPUT"TIME (HMS)";TI* 
SYS826 
INPUT"NO OF F I L E S PER DISK"?A 
IFA>39THENA=39 
P0KE32516,A+l 
INPUT"NO OF SHRS PER F I L E " ? B 
IFB>191THENB=191 
P0KE3241B, B$ PUKE32505 »B 
INPUT"DISKfc"?D 
I F D O G 0 T 0 2 4 0 





/INPUT NUMBER OF FILES ON DISC 
/U NUMBER OF FREE TRACKS) 
/INPUT NUMBER OF SHOWERS PER 
/ F I L E ($191) 
/INPUT DISC NUMBER ( 1 OR 2) 
BE =< 














D = D+1 
G0T0380 
POKE6,B 







BE =< B 
INTERVAL"i B 
/INPUT I N I T I A L F I L E NUMBER 
/ U 3 9 ) 
/INPUT I N I T I A L SHOWER NUMBER 
/ (i,NUMBER OF SHOWERS PER FILE) 
/BUFFER BASE ADDRESS SET SO,IF 
/REQUIRED, PREVIOUS SHOWERS 
/BELOW NUMBER OF I N I T I A L 
/SHOWERS CAN BE KEPT 
/INPUT SHOWER SAVE INTERVAL 
/ U 1 9 1 ) . ENABLES FREQUENCY OF 
/SAVING DATA ON DISC TO BE 
/VARIED 
'URE A. 4 : P r o g r a m DATAPROC 
0 REM PROGRAM DATAPROC 
0 REM 
1 REM CONVERTS RAW DATA TO SHOWER PARAMETERS 
0 P0KE134,255:P0KE135,85 
0 D.TMAG( 17) > AH (35 ) > D(4) ,DA<4) , DB<4) » DC ( 4 ) # F( 1» 2) # G( It 2) # HF<2) 
0 D I M L ( 2 ) » L F ( 2 ) , P ( 2 ) # S A ( 2 ) » S B ( 2 ) , T ( 2 ) t T F ( 2 # 3 4 ) , X ( 2 ) , Y ( 2 ) • I ( 2 ) 
O DIMB*(4)tBD*(99)» R t(4)» R2(2)» AF(4»19)» P H ( 1 ) i T A ( 1 ) 
0 OPEN1.. 4 
0 PRINT""iINPUT"DATA TO BE WRITTEN TO DISK £"?DD 
0 PRINT:PRINT:PRINTiINPUT"FILENAME"JF* 
5 PRINT:PRINT:PRINT 
0 PRINT "NO OF SHOWERS TO BE PROCESSED": INPUT"-- PUT 0 I F ALL REQD" •' L I 
5 IFLI-'0THENLI = 191 
0 DE=1:F1=0:F2=0:NM=1:TG=0:FH=0 
0 IFDD =t THENDE = 2 
5 PRINT:PRINT:PRINT 
O PRINT"EN!3URE DISK IN CORRECT DRIVE - PRESS ANY KEY TO CONTINUE" 
0 PRINT:PRINT"DATA INPUT DISK IN"$DE 
1 PRINT"DATA OUTPUT DISK IN";DD 
5 GETA*:IFA$=""GOTO!135 
7 PRINT 
9 PRINT"LOADING " ; F * 
0 *LOD? DE» F$ 
0 SA=5*4096+6*256 
1 PRINVOPTIONS REQUIRED":PRINT:PRINT:PRINT"0 = ALL":PRINT"1 = STATS 0N3H 
2 PRINT"2 = MAP 8-. STATS": PR I NT" 3 = PRINT 8< STATS" 




0 INPUT"START DATE (DYMTYR)";D* 



























0 I FOP >1THENG0SUB9000 
0- CL0SE1 
0 STOP 
JURE A. 4 % c o n t i n u e d 
JO END 
»0 REM •--
»0 REM SUBROUTINE RANDOMFORMAT 
15 REM 
0 REM FORMATS OUTPUT DISK F I L E 
5 PRINT}PRINT"CREATING OUTPUT F I L E " ; P R I N T 
!0 DF*-"P"+F* 
10 R*= — 















10 REM SUBROUTINE DAT ARE AD 
)5 REM 
.0 REM CONVERTS TIME TO HMS ABSOLUTE 
10 IFPEEK(SA+25)=255THEN2110 






>0 MA=PEEK(SA+12)*16+PEEK < SA+13 > 
>0 IFMA > 400ANDMA < 500G0T02190 






















>0 REM SUBROUTINE BADDATA 
)5 REM 
.0 REM STORES BAD DATA AS CHAR STRING 
.4 F2=l 
.5 IFF1=1THENRETURN 
20 BD*( 11 ) = " " ; X*=' ,0123456789ABCDEF" 
?URE A.4 : c o n t i n u e d 
}0 F0RI--SAT0SA+25 
W BD* < 1 1 ) = BD* ( I I)+MID* < X *, I NT(PEEK < I ) /16 ) +1, 1 ) 
JO BD*<II)=BD*<I I ) + M I D * ( X * , P E E K < I ) - I N T ( P E E K ( I ) / 1 6 ) * 1 6 f 1 , 1 ) 
>0 NEXT 
'0 BD*( I I ) = R I G H T * ( S T R * < E R ) , 1 ) + B D * ( I I ) 
JO 11 = 11 + 1 
15 I F I K 1 0 0 G O T 0 2 5 9 0 
16 PRINT"OVER 100 BADDATA - RUN TERMINATED";STOP 
>0 RETURN 
)0 REM -
)0 REM SUBROUTINE TTCONV 
)5 REM 
LO REM CONVERTS TIME TO HMS ABSOLUTE 
.5 TG = TH 
JO T=<T1*65536+T2*256)/60 
30 TH=INT(T/3600) 
10 TMa INT <(T~TH*3600)/60) 
SO TS=INT< (T-TH*3600-TM*60) + , 5) 
,0 TH*=STR*(TH);TM*=STR*<TM);TS*=STR*(TS> 
>2 IFLEN(TH*)=2THENTH*=" 0"+RIGHT*(TH*,1) 
>4 IFLEN< TM*)=2THENTM*=" 0"+RIGHT*<TM*>1) 
»6 IF L E N ( TS* ) = 2THENTS*-:" 0"+RIGHT*(TS*,1) 
'O RETURN 
10 REM 
>0 REM SUBROUTINE DATE 
)5 REM 
LO REM CALCULATION OF DATE (NOT LEAP YEARS) 
JO IFTH>=TGTHENRETURN 
k"> D1=D1 + 1 
»0 IFD2>6G0T03580 
>0 0ND2GOT0363O, 3590, :i630# 3610» 3630, 3630 
JO 0ND2-6G0T03630,3630»3610,3630,3610,3630 








10 Dl = liD2=D2+l 
iO DD*=STR*(Dl);DM*=STR*(D2)i DY*=STR*(D3) 
>1 IFLEN(DD*)=2THENDD*="0"+RIGHT*(DD*,1) 
b2 IFLEN(DM*)=2THENDM*="0"+RIGHT*(DM*,1) 




>0 REM SUBROUTINE FPCONV 
)5 REM 
0 REM CONVERSION OF TIMING DATA 
10 F ( 0 , 0 ) = . 1 5 2 ; F ( 0 , 1 ) = ,158i F ( 0 , 2) = .156 
10 F(1» 0 ) = . 1 4 4 ; F ( 1 , 1 ) = . 1 4 9 ; F ( 1 , 2 ) = . 148 
»0 G(0,0)=4.645;G(0,1)=-2.962;G(0,2)=-1. 159 
'0 G ( l , 0 ) = 1 1 . 4 3 ; G ( l , i ) = 7 . 6 8 1 ; G ( l , 2 ) - 8 . 1 0 4 
>0 F0RI=0T02 
10 I FT ( I ) > 1 500GOT04160 
10 T( J. ) ^ F ( 0 , I )*T( I )-hG<0. I ) ; GGT04180 
>0 T ( I ) -F (1, I ) *T ( I ) -i-G ( 1 , 1 ) ; G0T04180 




3URE A.4 : c o n t i n u e d 
>0 REM SUBROUTINE STATS 
15 REM 
0 REM GENERATES STATISTICS 
»0 LF < 0 ) = 1 3 0 : L F ( 1 ) = 1 1 0 : L F < 2 ) = 1 4 0 : H F < 0 ) = 2 3 0 : H F C 1 ) = 2 0 0 : H F ( 2 > = 4 0 0 
30 P ( 0 ) = 5 : P ( 1) = 5: P ( 2 ) =10 
\0 FF= INT < TA/5) 




>0 AH(FF) =AH(FF)+1 
»0 F0RI=0T02 
.0 I F T ( I ) < L F ( I ) D R T ( I ) > H F < I ) G 0 T 0 4 6 4 0 
!0 FF= INT < ( T ( I ) -LF ( I ) )/P( I ) ) 
(0 TF( I t FF) =TF( 1 1 F F ) + 1 
0 NEXT 
:0 F0RI=0T02 
»0 I F T ( I ) < 5 0 0 R T ( I ) > 5 0 0 G O T 0 4 6 8 0 
'0 S A ( I ) = S A ( I > + T ( I ) : S B ( I ) = S B ( I ) + 1 
i0 NEXT 
>0 F0RI=0T04 
'0 F F = I N T ( B < I ) / 5 > 
.0 IFFF>19GDT04730 




'0 REM SUBOUTINE SPCONV 
• 5 REM 
O REM CONVERSION OF DENSITY DATA 
>0 DA(0) = .00284:DA(1) = .00272:DA(2) -,00272:DA(3) = •00281:DA(4) = .00274 




0 D ( I ) = D < I ) * D A ( I ) + D B ( I ) 
'2 D ( I ) = D ( I ) * D D / ( . 9 3 0 5 * D D ~ . 0 2 4 6 > 
4 D ( I ) = D ( I > * D C ( I ) 




10 REM SUBROUTINE AXIS 
,5 REM 
.0 REM DETERMINES DIRECTION OF AXIS 
!0 PH = 0: TA=0: ER = 0: NL = 0 
JO X ( 0 ) = --12.3:X(1)=14.8:X<2) = ,3 
0 Y < 0 > = - 5 . 6 4 { Y d ) = 3 , 1 : Y ( 2 ) = - 2 6 . 8 
10 Z<0) = - 4 . 8 3 : Z ( i ) = .16:Z<2) = , 18 
iO L ( 0 ) = 1 5 9 . 1 : L ( 1 ) = 1 5 3 . 3 : L ( 2 ) = 2 5 3 . 5 
0 FDRJ=0T01 
10 T0= . 3 * ( T < J ) - L < J ) ) : T l = .3* < T < 2 ) - L < 2 >) 
10 E = X ( 2 ) # Y ( J ) - X < J ) * Y < 2 ) 
0 A = < Y < J ) * T 1 - Y < 2 ) * T 0 ) / E 
>0 B = < Y ( J ) * Z ( 2 ) - Y ( 2 ) * Z ( J ) > / E 
,0 C = ( X ( 2 ) * T 0 - X ( J ) * T 1 ) / E 





•0 H = SQR(H) 
lO TA=(H-F)/G»S=(-H-F)/G 







>0 I F T A O 1 G 0 T 0 6 3 8 0 
»0 TA = 0 f PH=0JG0T06490 
10 IFV< >0G0T064.15 




»0 Q=3. 142 
30 IFV<OC0T0646O 
K> 9=0 
iO IFW < 0THENQ=6. 284 
»0 PH=ATN(PH)+Q 
>0 TA<J) = <-ATN(TA/SQR(-TA*TA+1))+l.5708)*57.296 
?0 PH<J)=PH*57.296 
>5 I F P H ( J > > =360TH£NPH(J)=PH(J)-360 
LO NEXT 
>.Q IFNL = 3THENRETURN 
30 IFNL=0THEN6550 
\0 PH=INT(PH(2-NL)+»5)t TA=INT(TA(2-NL) + .5)sRETURN 
iO TA = ( TA (0 ) +TA ( 1 ) ) /2 
>0 P H = ( P H ( 0 ) + P H ( 1 ) ) / 2 
'0 IFABS(PH(0)-PH(1))>180THENPH=PH-180 
\0 IFPH<0THENPH=PH+360 
15 PH=INT(PH+» 5 ) J T A = I N T ( T A + . 5 ) 
K> RETURN 
10 REM 
10 REM SUBROUTINE MAP 
)5 REM 
0 REM HARD COPY DATA OUTPUT 
>0 IFJJ=2G0T07040 
)0 P R I N T f c l t C N R * ( 1 2 ) ; J J = 2* G0TO7O50 
tO J J = 1 
10 PR INTfc1> TAB(19)"XI_10"TAB(19)"SHOWER NO; "NO tPRINTfcl> TAB < 2 0 ) " I " 
»0 PRINTfcl > TAB( 20) " I "TAB ( 2 2 ) "DATE; "DD*+DM*+DY* 
0 P R I N T f c 1 > T A B ( 2 0 ) " I " T A B ( 4 ) " 3 1 ( " D ( 2 ) " ) " ; P R I N T f c 1 t T A B ( 2 0 ) " I " T A B ( 1 4 ) " # " f 
\0 PRINTfcl* T A B ( 7 ) " T I M E i "TH*+TM*+TS*:PRINTfci> " - 2 0 " T A B ( 6 ) " - 1 0 " T A B ( 8 ) " I " ? 
>0 PR INTfc1> TAB ( 8 ) " 10"TAB ( 8 ) " 20" 
>0 F0RI=0T040;PRINTfcl* "_"?:NEXT 
.0 PRINTfcl* C H R $ ( 1 3 ) " L " T A B ( 9 ) " L " T A B ( 9 ) " * " T A B < 9 ) " L " T A B ( 9 ) " L " 
JO P R I N T f c l * T A B ( 2 0 ) " I C ( " D < 0 ) " ) " C H R * ( 1 3 ) T A B < 4 0 ) " Y AXIS;"ER$ 
iO PRINTfcl* T A B ( 2 0 ) " I " T A B ( 2 2 ) " T H E T A = " T A t P R I N T f c l * T A B ( 8 ) " 1 1 < " D ( 1 ) " ) " : 
K) PRINTfci» CHR$ (13 ) TAB ( 20 ) " I "TAB ( 22 ) , ,PHI = "PH« PRINTfcl > TAB ( 7 ) "*"TAB(12) " I 
>0 PR I NTfcl * TAB ( 20) " I "TAB ( 2 2 ) "T11 = " T ( 0 ) " NS " t PR I NTfc 1 > TAB ( 20 ) "I.._-10"; 
i0 PRINTfcl* T A B U 8 ) " T 3 1 = "T(1)"NS"!PRINTfci * T A B ( 2 0 ) " I " T A B ( 2 2 ) " T 5 1 = " T ( 2 ) " N S 
'0 PRINTfc1>TAB(20)"I"J PRINTfcl»TAB(9)"52("D(4)")"CHR*(13)TAB(20) " I " 
(0 P R I N T f c l * T A B ( 1 9 ) " * I " t P R I N T f c l » T A B ( 2 0 ) " I " : P R I N T f c l > T A B ( 2 0 ) " I _ - 2 0 " 
'0 F0RI=1T03; PRINTfcl > TAB ( 20 ) " I " : NEXT s PR i NTfcl* TAB ( 9 ) "51 ( "D<3) " ) "CHR<f< 13) 
)0 PR I NTfcl > TAB (20 ) " I " t PRI NTfcl* TAB ( 19) " * I " : PRINTfcl* TAB ( 2 0 ) " I... - 30 " 
i5 F O R I = l T 0 4 i P R I N T f c l > :NF.XT 
0 RETURN 
!0 REM 
)0 REM SUBROUTINE DATAPRINT 
15 REM 
.0 REM PRINTS RESULTS 
!0 IFFH=1G0T07 580 
10 FH=1 
15 PR I N T f c l * CHR* ( 12) , F* i PRINTfcl 
JURE A. 4 : c o n t i n u e d 
K> PRINTfcl* TAB(28)"DENSITIES"TAB(18 >"TIMES" 
>0 PRINTfc1> "SHR.NO» DATE TIME C 11 31 51 52 
bO PRI N T f c l , " 1 1 3 1 51 THETA P H I " 
'0 PRINTfc1 
10 F0RI=0T04 
»0 R l ( I ) = I N T ( D ( I ) *10+. 5) /10 
>0 I F R 1 ( I ) > = 1 0 0 T H E N R 1 ( I ) = I N T ( D ( I ) + . 5 ) 
.0 NEXT 
.1 PRINTRKO) } R l ( 1 ) i R l ( 2 ) i R l ( 3 ) ,* R l ( 4 ) 
JO FOR I = 0T02 s R2 ( I ) = I NT < T < I ) + , 5 ) f Nh X T 
?0 PH=INT(PH+,5):TA=INT(TA+,5) 
•0 IFTA >90THENTA = 99 
»0 PRINTfc1 , TAB ( 2 ) N0» TAB ( 4-LE'N < STR* < NO) ) ) DD*+DM*+DY* " " ? 
»0 PRINTfcl,RIGHT*<TH*,2)+RIGHT*< TM*,2)+RIGHT*<TS*,2); 
'0 PRINTfcl , TAB ( 5-LEN ( STR* ( R l ( 0 ) ) ) ) R l ( 0 ) TAB ( 5-LEN ( STR* ( R l ( 1 ) ) ) ) ', 
10 PRINT£1»R1(1)TAB(5-LEN(STR*(R1<2))))Rl(2)TAB(5-LEN(STR*(Rl(3)))) 




10 REM SUBROUTINE STORE 
15 REM 
.0 REM STORES PROCESSED DATA ON DISK 
5 DF*="P"+F* 
JO *ODISK,DD» "D",DF*,CHR*(170)+CHR*(0)+CHR*(55)+CHR*(0) + '' 
tO R*=R IGHT* ( " " +STR* < NO),3) +DD*+DM*+DY* +RIGHT* ( TH*, 2 ) + RIGHT* ( TM*.. 2 
\0 R* = R*+RIGHT*(TS*, 2) 
•0 F0RI=0T04 
>0 R* = R*+RIGHT*(" "+STR*(INT(10*D( I ) +. 5 ) /10 ) , 4 ) 
0 NEXT 
10 F0RI=0T02 
»0 R*=R*+RIGHT*<" " +STR* ( I NT (10*T ( I ) +. 5 ) /10) > 5 ) 
•0 NEXT 






0 REM SUBROUTINE BADDATAOUT 
»5 REM 
0 REM PRINTS BAD DATA 
!0 I F I I =0THENRETURN 
0 P R I N T f c l , i PRINTfcl, "BAD DATA" 
0 FORI = OTO11-1iPRINTfcl,BD*(I)tNEXT 
0 PRINTfcl* iPRINTfcl,"ERROR CODES"$PRINTfcl, 
0 P R I N T f c l , " 1 i NO TERMINATOR" 
0 PRINTfcl,"2J SHR NO ERROR" 
.0 PRINTfci,"3s MASTER HEIGHT OUT OF RANGE" 
0 PRINTfcl,"4} TIMING DATA SHIFT" 
i0 PRINTfcl, "5s TIME ZERO ERROR" 
0 PRINTfcl»"6i TH,PH UNOBTAINABLE" 
0 RETURN 
0 REM 
0 REM SUBROUTINE PLOT 
5 REM 
0 REM PRINTS SUMMARY OF DATA 
0 B * ( 0 ) = "11"s B * ( 1 ) = "31"s B * ( 2 ) = " 5 1 " 
0 PRINTfci,CHR*(12) 
5 PRINTfcl>F*>" SUMMARY OF DATA";PRINTfcl 
0 PRINTfcl,"NO OF SHOWERS"iNO 
5 PRINTfcl, "NO WITH THETA>90"» NG 
7 PRINTfcl, "NO WITH -VE G" ; NQ 
IGURE A.4 : c o n t i n u e d 
050 PRINTfcl,"NO WITH BAD DATA "; I I 
060 F0RI=0T02 
065 I F S B ( I ) = O G O T 0 9 1 6 0 
070 I F B * ( I ) = "51"THENPRINTfel* CHR*<12) 
080 PRINTfcl > ; PRINTfcl t "T " ; B$ ( I ) >' "DISTRIBUTION - MEAN";SA < I ) / S B ( I ) 
090 FORIK=OT0< HF ( I ) --LF ( I ) ) / P ( I ) 
100 K = I K * P < I ) + L F < I ) 
110 U«=STR*(K) 
120 IFINTCIK/2)<>IK/2THENU$=" 




.70 PRINTfcl>sPRINTfcl»"THETA DISTRIBUTION" 
.80 F0RI=0T017 
90 K = I # 5 
!00 U*=STR*(K) 
i l O I F I N T < I / 2 ) O I / 2 T H E N U * = " 
30 I J = A G ( I ) 
40 G0SUB9500 
50 NEXT 




00 I F I N T ( 1 / 2 ) < > I / 2 T H E N U $ = " 
20 I J = A H < I ) 
30 G0SUB950O 
40 NEXT 
50 B * ( 0 ) = " C " t B * ( 1 ) = " 1 1 " i B $ ( 2 ) = " 3 1 " i B * ( 3 ) = " 5 1 " j B * ( 4 ) = "52" 
bO F 0 R I O T 0 4 
70 I F I = OORI= 20RI= 4 THENPRINT fc1,CHR*(12) 






0^ NEX TL 
15 FORKI=lT02000iNEXTKI 
>0 PRINTfci,sPRINTfcl, 
>0 NEXT I 
O PRINTfcl,U*l TAB(5-LEN(U*)) ; " I " ; 
0 ONIJ+lG0T09560, 9540 
0 F 0 R I M - 1 T 0 I J - 1 




0 PRINTfcl> " " 
0 RETURN 
V. 
GURE A.5 : P r o g r a m CORELOC 
00 REM 
10 REM MAIN PROGRAM CORELOC 
20 REM 
21 REM DETERMINES CORE LOCATION & SHOWFR SIZE 
30 DIMA(4) > AM(4)» D(4* 255)> S(4)» X(4)» Y < 4 ) , Z ( 4 ) > E ( 1 2 ) > A * ( 2 5 5 ) 
40 DE*=" C11315152";AL = 1:DJ=10;SD=150 
50 AM(0)=1001AM<1) = 114:AM(2)=82:AM(3)=90; AM(4)=90 
60 X ( 0 ) = 0 ; X ( 1 ) = - 1 2 . 3 : X ( 2 ) = 1 4 , 8 s X ( 3 ) = . 3 ; X ( 4 ) = - , 5 
70 Y ( 0 ) = 0 f Y ( 1 ) = - 5 . 6 4 s Y ( 2 ) = 3 . l i Y ( 3 ) = - 2 6 . 8 : Y ( 4 ) = - 1 7 
80 Z(O)=0s Z ( l ) = - 4 . 8 3 s Z ( 2 ) = .16s Z ( 3 ) = . 18s Z ( 4 ) = ,67 
? 0 A (O) = . 7 51 A ( 1 ) •- 2 s A ( 2 ) = 2 s A < 3 ) = 2 s A ( 4 ) = 1 










40 IFD(JI» M)<MDG0T01160 
50 MD=D(JI»M):MI=JI 
bO NEXTJI 
70 G 1 = X ( M I ) + l ? G 2 = Y ( M I ) + l 
30 FORK1=1TONR 
90 D I = DJs CT = Os ST*=""s SZ*="" 
10 K=0 
20 XM=Gl+SD/2s XL = XM-SD;YM = G2+SD/2s YL=YM-SD 
30 G0SUB2000 
35 IFJK>2THEN1696 
40 NM=NSs CM=Cs H1 = G1S H2=G2S G3=G1J G4 = G2 
70 J = l 
BO IFG1< XL0RG1> XM0RG2< YL0RG2 >YMGOT01540 
?0 PRINT"SH0WER fc ";SN 







bO I F J O 8 G 0 T 0 1 4 2 0 
70 I F H K >G30RH2< >G4G0T01410 
30 D I = D I / 2 
?0 I FDKALG0T01500 
30 Gl=G3:G2=G4tGOT01270 
10 G3=H1s G4=H2s G1=H1s G2=H2s G0T01270 
20 IFJ>2GOT01440 






?0 J = J + l s G 0 T 0 1 3 3 0 
30 H 1 = I N T ( H 1 * 1 0 + . 5 ) / 1 0 s H 2 = I N T ( H 2 * 1 0 + . 5 ) / 1 0 
20 CM=INT(CM*10+. 5 ) / 1 0 
30 GOTO 1570 
40 BL=1 
70 F0RI=0T04 
3URE A.5 : c o n t i n u e d 
80 I F D ( I * M)< AM(I)GOTO1600 




40 I FD < I» M )<>OGGTO1660 













10 REM SUBROUTINE SEARCH 
20 REM 
21 REM MINIMISATION ROUTINE 
30 REM DETERMINES NEW CORE GUESS 
60 K=K+l:Sl=0;S2=0:C-0 
70 F 0 R I = 0 T 0 4 i IA ( I ) =0.* S ( I ) =0; NEXTI 
30 F0RI=0T04 
90 IFD <I» M X = OORD(11M))AM<I)G0TD2240 
00 A X ( I ) = X ( I ) - G l i A Y ( I ) = Y ( I ) - G 2 
10 R=SIN(TA)*(AX <I)*COS < P H ) + A Y ( I ) * S I N ( P H ) ) 
20 R = ( R + Z ( I ) * C 0 S ( T A ) ) A 2 
30 R = S Q R ( A X ( I ) A 2 + A Y ( I ) * 2 + Z ( I ) * 2 - R ) 
40 IFR<,5G0T02240 
50 S ( I ) = »000064*(79/R)*,75 
bO S < I ) = S < I ) * < 7 9 / ( R + 7 9 ) ) * 3 , 2 5 
70 S ( I ) = S ( I ) * ( i + R / 9 0 0 . 6 ) 
30 S 1 = S 1 + S ( I ) * A ( I ) 
90 S2=S2+S(I) A2*A(I)/D(I»M) 
00 G0T02250 
40 I A ( I ) = 1 
45 JK=JK+1 
50 NEXTI 
55 IFJK >2THENRETURN 
60 NS=INT(S1/S2) 
70 F0RI=0T04 
BO I F I A ( I ) = 1 G O T 0 2 3 1 0 






10 REM SUBROUTINE DISK INPUT 
20 REM 
21 REM SHOWER DATA INPUT 
30 INPUT"FILE * ";F* 
40 INPUT"INPUT DRIVE fc"jD 
45 INPUT"OUTPUT DRIVE fc"?DD 
50 *ODISK>D»"R">F*»DI* 
60 IFPEEK(44976)<)255THEN3090 
80 INPUT"REPLACEMENT FILE"? F*;G0T03050 
90 REM 
00 F0RII=0T0MM;*RDISK»R*iA$(I I)=R$? NEXTII 
10 *CDISK 
GURE A.5 : c o n t i n u e d 
20 RETURN 
'00 REM -•-
1 0 REM SUBROUTINE DECODE 
120 REM 
30 REM DECODE DATA FROM DISK 
140 J=0? C*=" " 
50 A*(M)=A*<M)+"-" 
60 F0RL=2T071 
70 B * = M I D * ( A * ( M ) , L , 1 ) 




00 E ( J ) = V A L ( C * ) 
10 C*-"" 




70 D ( 0 # M ) = E ( 3 ) i D(1»M)=E < 4);D< 2 1 M ) = E ( 5 ) ; D ( 3 # M ) = E ( 6 ) ; D < 4 , M ) = E ( 7 ) 
90 RETURN 
00 REM 
10 REM SUBROUTINE OUTPUT 
20 REM 
21 REM OUTPUT RESULTS TO SCREEN 
22 PRINT-HOWER £ ";M+1;PRINT 
23 PRINT"DATE;"iDA*»" TIME;";TT* 
25 PRINT"0@@©@@@2@liiSill§@i3@@@®@i£!@|B, " 
30 PRINT"] 3 0UTPUT"TAB(23)"3 " 
35 PR I NT " C @e©@@@@@ii!@@@@ii!ii3 " 
40 PRINT"DSIZE 3";TAB(8);NM•TAB(23)" 3 " 
50 PRINT"3THETA 3";TAB< 8 ) ; T A ; T A B ( 2 3 ) " 3 " 
60 PRINT"3PHI 3 " ; T A B ( 8 ) ? P H f T A B ( 2 3 ) " 3 " 
70 PRINT"3X C 0 R E 3 " ; T A B ( 8 ) ; H l ; T A B ( 2 3 ) " 3 " 
BO PRINT"3Y C0RE3";TAB<8);H2;TAB<23)"3" 
85 PR I NT " @@@@©@e@li@@@e@@= " 
90 PRINT;PRINT"CHISQ FOR SEARCH">CM 
95 IFBL=1THENPRINT"BOUNDARY OVERRUN" 
00 RETURN 
00 REM ---
10 REM SUBROUTINE STORE 
20 REM 
2 1 REM OUTPUT RESULTS TO DISK 
30 A*(NN)= STR*(SN) + " "+DA*+" "+TT*+STR*(NM) 
40 A* < NN >=A*(NN)+STR* <Hi)+STR*(H2)+STR*(CM) 
50 IFBL=1THENA*(NN)= A* <NN) + "BL" 
55 IFJK > 2THENA*(NN)=A* <NN) + "3A" 




00 $ODISK»DD>"W">T%* I * 
10 FORI=OTONN;*WDISK» A * ( I ) ; N E X T 
20 *CDISK 
30 RETURN 
5URE A.6 : P r o g r a m SHOWERSIM 
00 REM SHOWER SIMULATION PROGRAM 
10 REM 
11 REM SIMULATES SHOWERS FALLING ON ARRAY 
20 DIMX < 4 ) » V < 4 ) t Z ( 4 ) * A ( 4 ) , R O ( 4 ) , R A ( 4 ) t A M ( 4 ) , X R ( 4 ) , T L ( 4 ) , R $ ( 2 5 5) 
25 DIMF*(4),C(4),MM(4)»M0<4),YR<4), T ( 3 ) t T A ( 3 ) , P H ( 3 ) 
30 D E F F N A ( V ) = 2 . 7 7 2 # N S * ( 9 0 0 . 6 + V ) / < ( V * . 7 5 ) * < V + 7 9 ) * 3 , 2 5 ) 
34 L < 1 > = 1 5 9 . 1 $ L ( 2 ) = 1 5 3 . 3 s L ( 3 ) = 2 5 3 . 5 
35 C < 0) =,01s C <1) =.0045s C ( 2 ) = .0045 s C ( 3 ) = . 0 0 4 5 s C ( 4 > = .011 
36 MM(0>=1,53sMM(i)=i.S3$MM(2)=1.83;MM(3)*1.83$MM<4)=1 
37 M 0 ( 0 > = l 0 , 6 s M 0 < l ) = 1 1 . 7 t M 0 < 2 > = 8 . 8 s M 0 < 3 ) = 1 0 . I s M 0 < 4 > = 9 . 6 
40 X ( 0 ) = 0 s X ( l ) = -12.3s X<2) = 14.8s X<3) = .3:X<4>=-, 5 
45 END 
50 Y < 0 ) = O s Y ( l ) = - 5 . 6 4 s Y ( 2 ) = 3 . I s Y ( 3 ) = - 2 6 . 8 s Y ( 4 ) = -17 
SO Z<0)=0sZ<l>=-4,83sZ<2)=»i6sZ(3)=.18sZ<4>=.67 
70 A < 0 ) = . 7 5 s A ( l ) = 2 s A < 2 ) = 2 s A ( 3 ) = 2 * A < 4 ) = 1 
7 5 F * ( 0 ) = " S I M O " ! F * ( 1 ) = "SIM1"sF*<2)="SIM2"s F * < 3 ) = " S I M 3 " ; F $ ( 4 ) = " S I M 4 " 
BO AM < 0)=100s AM <1> =114 s AM < 2 ) = 8 2 s AM < 3) = 9 0 s AM < 4 ) = 9 0 
90 T L ( 0 ) = 4 s T L ( l ) = 2 s T L ( 2 ) = 2 s T L ( 3 ) = 2 
00 CL=75»GL=30sL=0sLL=0 
10 INPUT"NO OF SHOWERS"s NN 
12 INPUT"TRIGGER SAVE INTERVAL"f NZ 






70 XC=CL*(RND<1)-.5)sYC=CL*<RND(1)-. 5) 
80 F0RI=0T04 
90 XR ( I > = X ( I ) - XC s YR ( I ) = Y ( I ) - YC 
00 NEXTI 
10 S I = S I N ( T H ) 
20 F0RI=0T04 
30 D=XR(I)»XR < I ) + Y R ( I ) * Y R ( I ) + Z ( I ) * Z ( I ) 
40 D = D - ( X R < I ) * S I * C O S < P H ) + Y R < I ) * S I * S I N ( P H ) + Z < I ) * C O S ( T H ) ) A 2 
50 D=SQR(D) 
55 IFD>.05THEN1260 
56 R A < I ) = A M < I ) + l 
57 G0T01310 
60 RA ( I ) =FNA (D) s RO ( I ) =RA ( I ) *A ( I ) #C0S (TH) 





90 R A < I > = X / ( A ( I ) * C O S ( T H ) ) 
9 1 M E = R A ( I ) / ( M M ( I ) # M 0 ( I ) ) 
92 SG=C<I) 
93 GOSUB6000 
94 R A ( I ) = X * M M < I ) # M 0 < I ) 




40 I F R A ( I ) < TL <I )THENFL=0 
50 NEXTI 
70 IFFL=lTHENG0SUB300O 
75 PRINT"£ SHOWERS " i K 
77 PRINT" TRIGGERS " f L+LL*NZ 
80 NEXTK 
85 G0SUB3095 
JURE A.6 : c o n t i n u e d 
X> STOP 
LO REM 
X) REM SUBROUTINE DATA STORE 
10 REM 
11 REM STORES SIMULATED SHOWERS ON DISK 
20 NS=INT <NS+.5)s TH=INT(TH#1000+.5)/1000 * PH=INT < PH*1000+. 5 ) / 1 0 0 0 
25 TG=INT(TG#1000+,5)/1000?PG=INT(PG*1000+.5)/1000 
30 XC=INT<XC*100+.5)/100$YC=INT<YC*100+.5)/100 
•0 F0RI=0T04» R A < I ) = I N T ( R A ( I ) * 1 0 0 + . 5 ) / 1 0 0 s N E X T 
50 R* < L > =STR$<NS)+STR*<TH)+STR*(PH)+STR*(XC)+STR*(YC) 
bO FORI=0T04*R*(L)= R*(L)+STR* < RA < I ) ) i NEXT 
65 R* ( L ) =R$ ( L ) +STR* (TG) +STR* < PG) + " - " 
TO L=L+1 
?0 I F L < NZ THENRETURN 
75 I*=STR*(L) 







DO REM SUBROUTINE POISSGEN 
10 REM 
11 REM GENERATES POISSONIAN FLUCTUATIONS 
20 X = 0 








30 REM SUBROUTINE GAUSSGEN 
10 REM 








00 REM SUBROUTINE THETAGEN 
10 REM 
11 REM GENERATES ZENITH ANGLE 
15 N=8 




00 REM SUBROUTINE NGEN 
10 REM 
11 REM GENERATES SHOWER SIZE 






BO X=<C*R/A1+NL AG1) M l / G l ) 
90 G0T08110 
SURE A.6 : c o n t i n u e d 
00 X= ( (C#R--B ) /A2+NE<AG2) * < 1/G2) 
10 RETURN 
00 REM 
10 REM SUBROUTINE TIMEVAR 
20 REM 
21 REM FLUCTUATES TIMING DATA 
30 SG=5 
40 F0RI=1T03 
50 D = X ( I ) * S I N ( T G ) * C O S ( P G ) + Y ( I ) * S I N ( T G > * S I N < P G ) + Z ( I ) # C O S ( T G ) 
60 ME=D/.3+L(I) 
70 G0SUB6O0O 




20 T O * . 3 * < T < 3 ) - L < 3 ) ) : T l = . 3 * ( T ( J ) - L < J ) ) 
30 E = X ( J ) * Y < 3 ) - X ( 3 ) * Y ( J ) 
30 A = < Y ( 3 ) * T i - Y < J ) * T O > / E 
?0 B = < Y < J ) * Z < 3 ) - Y < 3 ) * Z < J ) ) / E 
00 C = ( X ( J ) * T 0 ~ X ( 3 ) * T 1 ) / E 
LO D = ( X ( 3 > * Z < J ) - X ( J ) * Z ( 3 ) ) / E 
20 F -"A*B+C*D 
30 G=B#B+D*D+1 































JURE A.7 : P r o g r a m COLLECTAREA 
30 REM PROGRAM COLLECT AREA 
10 REM 
20 REM DETERMINES COLLECTING AREA OF ARRAY 
30 D E F F N A ( V ) » - A T N < V / S Q R ( - V * V + 1 ) 5 7 0 8 
40 DEFFNB(V)=ATN<V/S9R<-V*V+1)) 
50 DEFFNGK V ) = 2 . 7 7 2 * N S * < 9 0 0 . 6 + V ) / ( ( V * . 7 5 ) * < V + 7 9 ) * 3 . 2 5 > 
bO D I M X O ) »Y<3)»XM ( a)»YM<3)»XR<3>»YR(3)fDC(3>«M<3)»B<3)»CO> 
fO DIMDI(3)>XS(2)» X C ( 3 ) , Y C ( 3 ) , X D ( 3 > >YD(3) 
30 X<i> = . 3 s X ( 2 ) = 14.8s X ( 3 ) = - i 2 . 3 s Y < i ) = - 2 6 . 8 s Y < 2 ) = 3 . i s Y ( 3 ) = - 5 . 6 4 
?0 PH=45 
50 INPUT"THETA OF SHR AXIS"JTH 
LO TH=TH/180sPH=PH/180 
10 INPUT"SHR SIZE 'JNS 
JO L l = 4: L2=2 
\0 L=LlsG0SUB4000 
>0 RC=RsL=L2sGOSUB4000 
i»0 F0R I = 1T03 
'0 XM(I)=X<I)»SQR(1-SIN<TH)#SIN<TH)*C0S<PH)*C0S<PH>) 
\0 Y M ( I ) = Y ( I ) * S Q R ( 1 ~ S I N < T H ) * S I N ( T H ) * S I N ( P H ) * S I N ( P H ) ) 
?0 NEXT 
)0 F 0 RI=1T03 

















10 I F C ( 3 ) < >0THEN140O 
»0 IF0>-2»(XC(3)*XM(i)+YC(3)*YM(l)>THENB(3)=0 
»0 I F C ( 1 X >0THENi420 
0 I F 0 > - 2 # ( X C < i ) * X M ( l ) + Y C < i > * Y M < l ) )THENB< 1) =0 





0 REM SUBROUTINE AREA B 
0 REM 





i0 REM SUBROUTINE AREA C 
0 REM 
1 REM DETERMINE AREA C 











20 L = I + K - 1 : IFL=4THENL-=1 
30 E=SGR(<XR<L)-XR<0)> *• 2+ ( YR(L) -YR(0) ) A 2 ) 
*0 T=<E*E+RC*RC-R*R)/<2*E#RC) 
50 T=FNA(T) 





10 C 5 = X S ( 2 ) - X R < 0 ) i C 6 = X S ( l ) - X R ( 0 ) 
20 C(K)=C4*FNB(C5/RC)+(C5/2)#SQR(RC*RC-C5»C5)+YR< 0)*XS < 2) 
30 C(K)=C(K)-C4*FNB<C6/RC)-(C6/2)#SQR(RC#RC-C6*C6)-YR(0)*XS(1) 
•0 C ( K ) = C ( K ) + (XR(K)/2)*SQR(R*R-XR(K> *2) 
50 C<K)=C(K>-C3#FNB(-XR(K)/R)-<C1/2)*SQR<R*R-C1#C1) 
bO C ( K ) = C ( K ) + C 3 # F N B ( - C l / R ) + Y R ( K ) # X S ( i ) - ( C 2 / 2 ) * S Q R ( R * R - C 2 * C 2 ) 
70 C ( K ) = C ( K ) - C 3 * F N B ( C 2 / R ) - Y R ( L ) * X S ( 2 ) - ( X R ( L ) / 2 ) * S Q R ( R * R - X R ( L ) A 








>0 REM SUBROUTINE GREISEN 
LO REM 












)0 REM SUBROUTINE ORDER 
LO REM 
.1 REM PUT DISTANCES I N DESCENDING ORDER 
10 MX=DC(1) 
10 FORI = 1T03* M( I > • I» NEXT 
iO IFDC(2XMXTHEN5060 
>0 M < 1 ) = 2 J M ( 2 ) = 1 S MX=DC(2) tDC(2)=DC(1)f DC(1)=MX 
>0 IFDCOXMXTHEN5100 
'0 M ( 3 ) = M ( 2 ) i M ( 2 ) = 3 j M X = D C ( 3 ) i D C ( 3 ) =DC(2) J D C ( 2 ) = M X 
10 IFMX<DC(1)THEN5100 
»0 M(2)=M<1)$M(1)=3«DC(2)=DC(1);DC(1)=MX 
•0 F0RI = 1T02 
0 IFI»2ANDM(2)=1THENM<2)=3 
!0 MX=XM(I)«XM<I)=XM(M(I));XM<M(I))=MX 




•0 REM SUBROUTINE INTERSECT 
JURE A.7 : c o n t i n u e d 
10 REM 
11 REM DETERMINES INTERSECTIONS OF DENSITY CONTOURS 
20 F0RI=1T03 
30 J = I + 1 
40 IFJ>3THENJ=1 
50 D = S Q R ( ( X M ( I > - X M ( J ) ) * 2 + < Y M ( I ) - Y M < J ) ) - 2 ) 
iO T»FNA(D/(2#R)):P=FNA((XM(I)-XM(J))/D) 
'0 I F < Y M ( I ) - Y M ( J ) ) < 0 T H E N P = 2 - P 
30 DE=P-T 
?0 DF=P+T 
50 XC ( I ) = XM ( J ) +R-B-COS (DE ) 
LO XD(I)=XM(J)+R*COS(DF) 
20 Y C ( I ) = Y M < J ) + R * S I N ( D E ) 
30 Y D ( I ) = Y M ( J ) + R * 5 I N < D F ) 





CALCULATION OF ARRAY ACCEPTANCE 
B.1 CALCULATION OF THE COLLECTING AREA 
The c a l c u l a t i o n o f t h e a r e a i n w h i c h a showe r o f s i z e N 
must f a l l , i n o r d e r t o t r i g g e r t h e a r r a y , i s a c o m p l e x p r o b l e m , 
even f o r s y m m e t r i c a l a r r a y s . A s o l u t i o n i s d e s c r i b e d f o r an a r r a y 
o f f o u r t r i g g e r i n g d e t e c t o r s , i n w h i c h one i s c e n t r a l and 
t r i g g e r s on a d i f f e r e n t , h i g h e r , l e v e l t o t h e o t h e r t h r e e . The 
d e t e c t o r s need n o t be i n t h e g r o u n d p l a n e b u t t h e c e n t r a l one i s 
t a k e n as t h e o r i g i n . 
The c o l l e c t i n g a r e a f o r a s i n g l e d e t e c t o r i s g i v e n by a 
c i r c l e o f r a d i u s , R, w h i c h i s d e t e r m i n e d b y a l a t e r a l s t r u c t u r e 
f u n c t i o n , w i t h t h e a p p r o p r i a t e t r i g g e r i n g d e n s i t y and shower s i z e 
i n s e r t e d . F o r a s y s t e m o f s e v e r a l d e t e c t o r s , t h e p r o b l e m i s t o 
f i n d t h e a r e a common t o t h e c i r c l e s a b o u t e a c h d e t e c t o r . The more 
d e t e c t o r s , t h e more c o m p l e x t h e p r o b l e m becomes. 
The s t r u c t u r e f u n c t i o n u s e d i s t h a t due t o G r e i s e n ( 1 9 6 0 ) , 
n /IN, °-75 3.2 5 
AtN.r, ( f ) ( ^ ) ( 1 + T j ^ ) m - 2 ( B . l ) 
w h e r e r ^ = 79m a t sea l e v e l . T h i s assumes an age p a r a m e t e r o f 1.25. 
C o n s i d e r f o u r d e t e c t o r s C, 1, 2, 3. The t r i g g e r i n g d e n s i t y 
f o r C i s s u c h t h a t t h e r a d i u s o f t h e s i n g l e d e t e c t o r a c c e p t a n c e 
a r e a i s r . S i m i l a r l y f o r t h e o t h e r s t h e r a d i u s r . The a r e a s a r e 
i n t h e p l a n e p e r p e n d i c u l a r t o t h e shower a x i s so t h e p e r p e n d i c u l a r 
d i s t a n c e s o f e a c h d e t e c t o r f r o m t h e a x i s a r e r e q u i r e d . The 
c o o r d i n a t e s y s t e m i s , t h e r e f o r e , f i r s t t r a n s f o r m e d so t h e z - a x i s 
i s p a r a l l e l t o t h e shower a x i s . 
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x' = x c o s 0 cos<J> + y c o s 9 sin<J) - z s i n Q 
(B.2) 
y 1 = y cosij) - x sincj) 
The d e t e c t o r s a r e p l a c e d i n d e s c e n d i n g o r d e r o f d i s t a n c e 
f r o m t h e showe r a x i s . T h e r e a r e e i g h t c a s e s o f i n t e r s e c t i o n as 
shown i n f i g u r e B . l . I t i s seen t h a t t h e i n t e r s e c t i o n p o i n t s o f 
t h e o u t e r t h r e e c i r c l e s , a r e a s B and a r e a s C h a v e t o be d e t e r m i n e d . 
B.1.1 D e t e r m i n a t i o n o f I n t e r s e c t i o n P o i n t s 
R e f e r r i n g t o f i g u r e B.2, 
c o s 0 = ^ r i coscX = : S=o(± S 
c = b + r , : x = x, + r c o s S : y - y, + r s i n S — — — 1 c b Jc J b 
(B.3) 
The r e q u i r e d i n t e r s e c t i o n p o i n t o f t h e p a i r i s t h a t c l o s e s t t o 
t h e m e d i a n p o i n t o f t h e t h r e e d e t e c t o r s . 
B.1.2 A r e a s B 
R e f e r r i n g t o f i g u r e B.3, 
0 . = c o s - i ( i-f-i ) s <x • = c o s " 1 ( r2tf-r< ) 
i » 2 f . r / l \ 2 f . r ' x c x (B.4) 
2 2 B. = r. 0, - r cx + f . r s i n 9 . ( w h e r e f . = d .) x c ' 1 x c x x cx 
B.1.3 A r e a s C 
The axes a r e f i r s t t r a n s f o r m e d so t h a t t h e p o i n t o f 
i n t e r s e c t i o n i s a t t h e o r i g i n and t h e l i n e t h r o u g h t h e p a i r o f 
r e l e v a n t i n t e r s e c t i o n s f o r m s t h e y - a x i s ( i e . a r o t a t i o n t h r o u g h 
an a n g l e G, f i g u r e B . 4 ) . 
R e f e r r i n g t o f i g u r e B.5, 
C o n d i t i o n s 
rs>r +d 
c c, 
r < r + d c c-, 
r * r + d 
C C; 
C o l l e c t i n g Are; 
TT r 
n r - B, 
c 1 
r < r +d 
c C; r»r +d c c K 
d » r 
c i j c B. 
n r - B, - B„ 
c 1 2 
r < r +d c c K 
d , d , d * r 
C y CKJ ^ 
B 
n r " - > B . 
r < r +d 
c C j r * r +d c c k d < r 
c- c 
n r c ' - E l - B 2 + C 
r < r +d c c h 
d < r 
C j j c 
d , d > r 
CjK c ; k c 
• r 2 - > B . 
c 1 
+ C. 
r < r + d c c K 
d , d < r Cj* c i K c 
d s r c-- c J 
r <r +d c c K 
d , d , d < r C-- c " •J 
3 i J 
TT r - I B i + C-, + C, 
TT r + 
C l{ci - B i : 
FIGURE B.1 : I n t e r s e c t i o n o f t h e c o l l e c t i n g a r e a s o f f o u r d e t e c t o r s 
d i s t h e d i s t a n c e f r o m C t o t h e i n t e r s e c t i o n o f 
c i r c l e s a b o u t d e t e c t o r s i and 
FIGURE B.2 D e t e r m i n a t i o n o f t h e i n t e r s e c t i o n p o i n t s o f 2 
c i r c l e s o f e q u a l r a d i i , w i t h c e n t r e s a t A and B. 
(0 i s t h e c e n t r a l d e t e c t o r , A,B a r e any t w o o t h e r s ) 
0 
B f 
D e t e r m i n a t i o n o f a r e a B ( h a t c h e d a r e a ) FIGURE B.3 
D e f i n i t i o n o f a n g l e G u s e d i n t h e d e t e r m i n a t i o n FIGURE B.4 
o f a r e a C ( h a t c h e d a r e a ) 




FIGURE B.6 E n c l o s e d a r e a s ( t h i s p r o b l e m o n l y a r i s e s 
c l o s e t o t h e minimum s h o w e r s i z e t r i g g e r 
t h r e s h o l d ) 
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t w o s o l u t i o n s a r e o b t a i n e d , 
I , = a - r c o s (9 -« ) 1 c 
I 0 = a + r c o s ( 0 - o< -n) 2 c 
(B.5) 
The r e q u i r e d p o i n t i s t h a t on t h e same s i d e o f t h e y - a x i s as t h e 
c e n t r e o f t h e p a r t i c u l a r d e t e c t o r ' s c i r c l e . The a r e a can t h e n be 
c a l c u l a t e d b y i n t e g r a t i o n o v e r e a c h c i r c l e b e t w e e n t h e r e l e v a n t 
l i m i t s . 
C - J C3 - J C I - | C2 (B.6) 
The r e l e v a n t i n t e g r a l , w i t h r e s p e c t t o x, f o r a c i r c l e o f c e n t r e 
( a , b ) and r a d i u s r i s , 
= J [ b + J r 2 - ( x - a ) 2 ' ] dx 
= / s i n " 1 ! ^ ) + ( ^ ) ( r 2 - ( x - a ) 2 ) h + b x (B.7) 
w h i c h m u s t be e v a l u a t e d b e t w e e n t h e r e l e v a n t l i m i t s o f x. 
B.1.4 S p e c i a l Cases 
I n some c a s e s , an a r e a B i s t o t a l l y e n c l o s e d b y a n o t h e r 
a r e a B, f i g u r e B.6. Because o f t h e o r d e r i n g o f d e t e c t o r s , t h e 
p o s s i b i l i t i e s a r e r e s t r i c t e d t o B^ i n B^, i n B^, i n B^. 
The e x i s t a n c e o f any o f t h e s e i s d e t e r m i n e d b y c a l c u l a t i n g the? 
a n g l e s u b t e n d e d a t t h e c e n t r a l d e t e c t o r b y e a c h a r e a B and t e s t i n g 
i f one i s c o n t a i n e d i n t h e o t h e r . The r e l e v a n t a r e a B i s s e t t o 
z e r o as i s any a s s o c i a t e d a r e a C. 
The r e s u l t i n g a r e a c a n t h e n be p r o j e c t e d o n t o t h e g r o u n d 
p l a n e b y d i v i d i n g b y cosQ. T a b l e B . l g i v e s c o l l e c t i n g a r e a s , 
p e r p e n d i c u l a r t o t h e shower a x i s , f o r v a r i o u s c o m b i n a t i o n s o f 
shower s i z e and a x i s d i r e c t i o n f o r t h e i n n e r r i n g t r i g g e r w i t h 
^ 
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r H 
„ I CM 
r H CM r o r o r H 
, 1 
rH 
, | SH 1 1 
M 
r H o o CM <tf r o CM CD • • VD rH O O CM r -





CO CM rH r - LO LO VD "tf •^f LD ^ 
• • rH o> CM CO LD CM 
CM l > r - O O rH CM E 
rH CM rH rH r o r o r H r H >— 
r H rH 
m 
UJ r H LO CM 00 00 CM CM l > " r 
o » • r H rH rH <J\ (7\ rH rH X 
u CM CO 0^ r - r - CTi r H rH rd < P rH rH r H CM CM rH rH rH rH J-
m 
«c CO CM CM o r o r H <t f rH LO rH 3 
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co VO VD CO r H LO r - CM LO CM rd ft) U 
\ • • O i n LO o r-- rH rd 
VD CTi CM co CM r H LD CO r o rH rH rH 
i h rH VD r H rH CM r o r o r H rH ro rd P 
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•H 
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p . CM rH rH r H CM r o r o r H r H N N 
F- r H rH rd rd u (11
CO CM 0^ O CM O r o VD CM CM m D, 
\ • o r o VD CM r - r o r H 0 o 
t= o rH O r o 00 CM r H LO r o r o 
r o r o rH rH rH CM r o r o rH rH 4-> +J rp 
r H rH C c Q) 
(L> i . H LO r o VD r o LD CO LO VD VD CM rd 
• • VD o CTi r H CO l > C C 
\ CM O rH CO 0^ O r o CM r o Q) Q) t n 
CM o> r—1 rH rH r o r o rH rH ft C 
r H r H (U 0> • H 
T3 -P 
r o CM r o CM r o O r H rH o C C U 
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r H rH 0 
u 
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l e v e l s o f f o u r and t w o p a r t i c l e s . F i g u r e B.7 shows how t h e a r e a 
v a r i e s w i t h a z i m u t h a l a n g l e , w h i l e f i g u r e s B.8 and B.9 d i s p l a y 
t h e v a r i a t i o n w i t h shower s i z e . 
B.2 ARRAY TRIGGERING RATES 
I n o r d e r t o e s t i m a t e t h e t r i g g e r i n g r a t e , t h e d i f f e r e n t i a l 
number s p e c t r u m o f EAS a t sea l e v e l i s r e q u i r e d . T h i s was t a k e n 
f r o m A s h t o n e t a l (1975) and i s as f o l l o w s : 
R ( n ) = 78 N - 2 ' 5 m"2 s " 1 s r " 1 N - 1 N<9 1 0 5 
R(N) = 73840 N~ 3*° m"2 s " 1 s r " 1 N - 1 9 10 5$N<5.3 1 0 7 (B.B) 
R(N) = 10.14 N ~ 2 , 5 m"2 s " 1 s r " 1 N _ 1 N»5.3 1 0 7 
T h i s r a t e i s t h e n m u l t i p l i e d b y t h e c o l l e c t i n g a r e a c a l c u l a t e d 
f o r a z e n i t h a n g l e o f 20° ( t h e mode o f t h e i n t e n s i t y as a f u n c t i o n 
o f z e n i t h a n g l e ) and a v e r a g e d o v e r a l l a z i m u t h a l a n g l e s . T h i s 
r e s u l t s i n t h e d i f f e r e n t i a l t r i g g e r i n g r a t e . 
T h i s r a t e i s p e r s t e r a d i a n , so t o f i n d t h e t o t a l a r r a y 
t r i g g e r i n g r a t e s h o w e r s a r r i v i n g o v e r t h e h e m i s p h e r e h a v e t o be 
t a k e n i n t o a c c o u n t . The z e n i t h a n g l e d ependence i s g i v e n b y , 
1 ( 6 ) = 1 ( 0 ) c o s n 0 r r f 2 s " 1 s r " 1 (B.9) 
whe r e n^8 a t s e a - l e v e l . 
The i n t e n s i t y o f s h o w e r s w i t h z e n i t h a n g l e s b e t w e e n 9 and 
0+d© i s , 
I (0->6+de-) == 1 ( 0 ) 2-rr c o s n 0 sin© d6 r r f 2 0 _ 1 (B.10) 
I n t e g r a t i n g b e t w e e n 0 and ^  g i v e s , 
2W + N = 2.10 
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FIGURE B.7 s C o l l e c t i n g a r e a s , p e r p e n d i c u l a r t o t h e showe r a x i s (m ) 
-2 -2 I n n e r r i n g t r i g g e r ( Ae» 4m ,All<sl(B3>2m ) 
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0 = 60 
1tf 
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shower s ize 
Mean c o l l e c t i n g a r e a , i n t h e g r o u n d p l a n e f o r t h e FIGURE B.9 
»2m i n n e r r i n g t r i g g e r 06^4 rn ,A "i*<ti 
- 1 3 1 -
I ( O ^ ) = 2 - T I ( 0 ) n + 1 ( B . 1 1 ) 
2 So t h e d i f f e r e n t i a l r a t e i s m u l t i p l i e d b y g ^ t o g i v e t h e t r i g g e r 
r a t e p e r s e c o n d p e r u n i t s h o w e r s i z e . The r e s u l t i n g p l o t can be 
i n t e g r a t e d t o g i v e t h e i n t e g r a l t r i g g e r r a t e p e r s e c o n d (see 
f i g u r e s 4 . 3 and 5 . 9 ) . 
I t i s a l s o u s e f u l t o e s t i m a t e t h e r a t e o f s h o w e r s , t r i g g e r -
i n g t h e a r r a y , w h i c h f a l l a t a d i s t a n c e g r e a t e r t h a n r f r o m t h e 
c e n t r e o f t h e a r r a y . To e s t i m a t e t h i s , t h e c o l l e c t i n g a r e a i s 
t a k e n as b e i n g a c i r c l e o f a r e a e q u a l t o t h e c o l l e c t i n g a r e a 
c a l c u l a t e d f o r t h e g i v e n s h o w e r s i z e . Thus f o r a g i v e n r t h e r e 
i s a s h o w e r s i z e , N , b e l o w w h i c h a shower, f a l l i n g o u t s i d e t h i s 
r a d i u s , w i l l n o t t r i g g e r t h e a r r a y . 
The d i f f e r e n t i a l r a t e i s o b t a i n e d by d e t e r m i n i n g how many 
sh o w e r s o f s i z e g r e a t e r t h a n N_ f a l l i n a r i n g o f r a d i u s r and 
w i d t h 1 . The r e s u l t i n g g r a p h can t h e n be i n t e g r a t e d t o g i v e t h e 
r a t e , g r e a t e r t h a n r , p e r s e c o n d as a f u n c t i o n o f r . 
Examples o f t h e i n t e g r a l r a t e , g r e a t e r t h a n r , a r e g i v e n i n 
f i g u r e s 4 . 4 and 5 . 1 0 . 
oO 
R ( > r R -n-r ( B . 1 2 ) 
- 1 3 2 -
APPENDIX C 
AXIS DIRECTION DETERMINATION 
A t t h e minimum, t h r e e d e t e c t o r s a r e r e q u i r e d i n o r d e r t o 
d e t e r m i n e t h e d i r e c t i o n o f t h e showe r a x i s . L e t , T^ be t h e 
t i m e d i f f e r e n c e b e t w e e n t h e showe r f r o n t p a s s i n g t h r o u g h 
d e t e c t o r s 2, 1 w i t h r e s p e c t t o d e t e c t o r 0. L e t u be t h e u n i t 
v e c t o r i n t h e , u p w a r d , d i r e c t i o n o f t h e s h o w e r a x i s . I n f i g u r e 
C . l , A l , A2 a r e t h e p o s i t i o n s o f d e t e c t o r s 1 and 2 r e s p e c t i v e l y . 
B l i s a p o i n t on t h e l i n e p r o j e c t e d t h r o u g h A l , p a r a l l e l t o t h e 
shower a x i s , a d i s t a n c e cT^. B2 i s p r o d u c e d s i m i l a r l y f o r A2. 
B l , B2, 0 t h u s l i e i n t h e showe r p l a n e . 
0,A1 = 0 , B l + cTu 
0, A l . u = cT, 
0, A2 = 0, B2 + cTjQ 
0 , A2 . u = cT, 
( C . l ) 
0 , A l , 0,A2 a r e t h e d i s t a n c e s o f d e t e c t o r s 1, 2 r e l a t i v e t o 0, 
i e . r 1 , r 2 -
r .u = cT — l — I r 2 . u = c T 2 
o r r . u - cT = 0 
— l — I 
r 2 . u - CT 2 = 0 ( C 2 ) 
x , I + y,m + z n - cT = 0 x 1 + y m + z n - cT„ = 0 
w h e r e f,m,n a r e t h e co m p o n e n t s o f t h e u n i t v e c t o r . 
X l y l 
X 2 Y 2 m 
cT^ - z^n 
CT 2 - z 2 n 
\ = 
C T 1 -- z^n / m = x 1 ( c T 1 -- z n) 
C T 2 " - z 2 n / x 2 y 2 x 2 ( c T 2 -" z 2 n ) 
x i y± 
/ x 2 y 2 
B1 
B2 




FIGURE C . l : A x i s d i r e c t i o n d e t e r m i n a t i o n . 
0 i s t h e c e n t r a l d e t e c t o r 
A l , A2 a r e t w o o t h e r d e t e c t o r s 
u i s i n t h e d i r e c t i o n o f t h e shower a x i s 
s i g n c o r r e c t i o n 
( r a d i a n s ) 
W V 
+ + + 0 
+ - + TT 
- + + 2TT 
- -
TABLE C.1 C o r r e c t i o n s u s e d i n t h e c a l c u l a t i o n o f t h e 











m = E 
X l C T 1 






w h e r e 
x l Y l 
x 2 y 2 
l e t A ( c T l y 2 " c T 2 Y l ) / E B = ( Y l z 2 - y ^ ^ / E 
C = ( x - L c T 2 - c T 1 ) / E D 
Now sinOcoscj) 
A, 
u - m — sinQsincJ) 
n C O S 0 
( X 2 Z 1 " X 1 Z 2 ) / E 
V = A + B C O S 0 W = C + Dcos9 
C o m b i n i n g t h e s e g i v e s , 
c o s 9 = - (AB+CD) + ( (AB+CD)
 2 - ( A 2 + C 2 - l ) ( B 2 + D 2 + l ) ) 
( B 2 + D 2 + l ) 
( C 3 ! 
W 
and tan<J) = — 
C+Dcose 
A+Bcos0 (C.4) 
To e n s u r e p i s i n t h e c o r r e c t q u a d r a n t , t h e s i g n s o f W 
and V h a v e t o be t a k e n i n t o a c c o u n t . The a n g l e s w h i c h r e q u i r e 
t o be added t o fy, e v a l u a t e d b e t w e e n -~ and a r e shown i n 
t a b l e C.1. 
I n t h e a r r a y , as p r e s e n t l y f o r m e d , a r e t h r e e t i m i n g 
d e t e c t o r s . T h i s means i t i s p o s s i b l e t o p r o d u c e t h r e e v a l u e s o f 
G and 4>, due t o s t a t i s t i c a l f l u c t u a t i o n s i n t h e t i m i n g i n f o r m a t i o n 
However o n l y t w o o f t h e s e a r e i n d e p e n d e n t , so &,§ a r e d e t e r m i n e d 
f o r t w o d e t e c t o r p a i r s and t h e n a v e r a g e d . 
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APPENDIX D 
TIME DELAY DISTRIBUTIONS 
I n o r d e r t o c h e c k t h e o p e r a t i o n o f t h e f a s t t i m i n g 
m e a s u r e m e n t s o f t h e a r r a y , t h e d i s t r i b u t i o n o f t h e r e l a t i v e t i m e 
d i f f e r e n c e s b e t w e e n t h e show e r f r o n t p a s s i n g t h r o u g h a g i v e n 
d e t e c t o r t o t h a t t h r o u g h d e t e c t o r C was i n v e s t i g a t e d . A t w o -
f o l d c o i n c i d e n c e r e q u i r e m e n t b e t w e e n C and t h e d e t e c t o r b e i n g 
i n v e s t i g a t e d was u s e d t o s e l e c t EAS. T h i s d i s t r i b u t i o n c a n be 
t h e o r e t i c a l l y d e t e r m i n e d as f o l l o w s . 
The p e r p e n d i c u l a r d i s t a n c e f r o m t h e d e t e c t o r t o t h e p l a n e 
o f t h e s h o w e r f r o n t , a t t h e t i m e i t p a s s e s t h r o u g h C, d i v i d e d 
b y t h e v e l o c i t y o f l i g h t , g i v e s t h e t i m e d e l a y , D. I n f i g u r e D . l , 
r i s t h e v e c t o r o f t h e d e t e c t o r , _s i s a v e c t o r i n t h e p l a n e o f 
t h e s h o w e r f r o n t and u i s t h e u n i t v e c t o r p e r p e n d i c u l a r t o t h e 
showe r f r o n t . 
Now r = _s + k u ( D . l ) 
u . r = k (D.2) 
S i n c e u 
sin0cos<t> 
s i n 0 s i n ( f ) 
cos© 
and 
L Z J 
w h e r e x , y , z a r e t h e c o o r d i n a t e s o f t h e d e t e c t o r r e l a t i v e t o C we 
g e t , 
K = x sin© c o s i f ) + y s i n e sintf) + z c o s 0 
and D - K/c (D.3) 
The e q u a t i o n i s p l o t t e d f o r e a c h i n n e r r i n g t r i g g e r d e t e c t o r i n 
f i g u r e s D.2a-c. The measured d e l a y i s g i v e n b y s u b t r a c t i n g f r o m 
defector 
ku 
FIGURE D.1 : C a l c u l a t i o n o f t h e p e r p e n d i c u l a r d i s t a n c e o f a 
d e t e c t o r t o t h e p l a n e o f t h e s h o w e r f r o n t . 
C i s t h e c e n t r a l d e t e c t o r and u i s t h e u n i t 
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D t h e r e l a t i v e d i f f e r e n c e i n t h e c a b l e and e l e c t r o n i c s d e l a y s 
f o r t h e t w o d e t e c t o r s . 
A s i m u l a t i o n p r o g r a m ( f i g u r e D.3) was w r i t t e n w h i c h p r o d u c e s 
t i m e d e l a y d i s t r i b u t i o n s b y g e n e r a t i n g random z e n i t h a n g l e s , 
m o d u l a t e d b y c o s n 0 . Examples o f t h e s e d i s t r i b u t i o n s a r e shown 
i n f i g u r e s D.4a-d. The m a i n f e a t u r e s a r e a b r o a d p e a k , w h i c h i s 
c e n t r e d on t h e d e l a y c o r r e s p o n d i n g t o a v e r t i c a l s h o w er, i e . t h e 
z - c o o r d i n a t e d i v i d e d b y t h e v e l o c i t y o f l i g h t . F o r d e t e c t o r 1 1 , 
t h i s i s -16ns and f o r 31 and 5 1 , 0.5ns. The l a r g e o f f s e t o f t h e 
d i s t r i b u t i o n f o r 11 a l s o p r o d u c e s a s l i g h t a s s y m m e t r y . 
Thus, f r o m t h e d a t a , i t i s p o s s i b l e t o c a l c u l a t e t h e 
r e l a t i v e c a b l e and e l e c t r o n i c d e l a y s and a l l o w t h o s e d i r e c t l y 
m e a s u r e d t o be c h e c k e d . A l s o t h e v a r i a t i o n o f w i d t h (as m e a s u r e d 
b y t h e s t a n d a r d d e v i a t i o n a b o u t t h e mean) w i t h n was i n v e s t i g a t e d 
( f i g u r e D.5). As c a n be s een, t h e w i d t h i n c r e a s e s as n d e c r e a s e s , 
t h e v a r i a t i o n b e i n g m o s t r a p i d f o r s m a l l n. U n f o r t u n a t e l y t h i s 
i s n o t a p a r t i c u l a r l y r e l i a b l e m e t h o d f o r d e t e r m i n i n g n s i n c e 
i t l i e s i n t h e 7 t o 10 r e g i o n w h e r e v a r i a t i o n o f n i s s m a l l . The 
l a r g e w i d t h f o r 51 when c o m p a r e d t o th@se f o r 11 and 31 i s due 
t o t h e f a c t t h a t i t i s f u r t h e r f r o m C t h a n t h e o t h e r t w o 
d e t e c t o r s . 
DIMENSION N D ( 2 0 0 ) , N U ( 1 0 0 ) , N P ( 7 2 ) , N T ( 4 5 ) 
REAL*8 G05CAF 
REAL F M T ( l ) / ' * ' / 
DO50 1-1,200 
50 N D ( I ) = 0 
DO 60 1-1,45 
60 N T ( I ) = 0 
DO 65 1=1,72 
65 N P ( I ) = 0 
DO 70 1=1,100 
70 N U ( I ) = 0 
X1 = 0. 
X2 = l . 
CALL G0 5CCF 
READ (5 , FMT) X, Y, Z, NN, N, J 
N=N+2 
AN=1./N 






I T = I N T ( T H # 5 7 . 2 9 6 / 2 ) + 1 
I P = I N T ( P H * 5 7 . 2 9 6 / 5 ) + 1 
I U = I N T ( U * 1 0 0 ) + 1 
I F ( I P . EQ. 73) THENIP=72 
NT ( I T ) = N T ( I T ) + 1 
N P ( I P ) =NP(IP) + 1 
NU(IU) = N U ( I U ) + 1 
D=(X*SIN(TH)*COS(PH)+Y*SIN(TH)*SIN(PH)+Z*COS(TH))/.3 
I D = I N T ( 2 * ( D + 5 0 . ) ) + 1 
I F ( J . E Q . l ) G O T 0 1 5 
I D = I N T ( D + 1 0 0 . ) + l 
15 ND(ID) =ND ( I D ) + 1 
10 CONTINUE 
WRITE(7,900) ( N D ( I ) ,1 = 1, 200) 
900 FORMAT('ND=',2014) 
W R I T E ( 7 , 9 1 0 ) ( N U ( I ) , 1 = 1 , 1 0 0 ) 
910 FORMAT('NU=' , 2014) 
WRITE(7,92 0 ) ( N T ( l ) , 1 = 1 , 4 5 ) 
920 FORMAT('NT=',2014) 
W R I T E ( 7 , 9 3 0 ) ( N P ( I ) , 1 = 1 , 7 2 ) 
930 FORMAT( 1NP= 1,2014) 
STOP 
END 
FIGURE D.3 P r o g r a m t o s i m u l a t e t i m e d e l a y d i s t r i b u t i o n s . 
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FIGURE D.4b,c Time d e l a y d i s t r i b u t i o n f o r d e t e c t o r 31 w i t h r e s p e c t 
t o d e t e c t o r C s h o w i n g v a r i a t i o n i n w i d t h w i t h 
v a r y i n g n. ( z - c o o r d i n a t e = 0.16m, D = 0.5ns) 
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FIGURE D.5 s V a r i a t i o n o f t h e w i d t h o f t h e t i m e d i s t r i b u t i o n s 
(as m e a s u r e d by t h e s t a n d a r d d e v i a t i o n ) as a 
f u n c t i o n o f n. 
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